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Abstract
Coiled polymer actuators (CPA) are a recently discovered smart material. Due to their
large tensile stoke and power densities they are often used as actuators or artificial muscles.
CPA’s are fabricated from a polymer fiber, typically nylon, mechanically twisted into a coil or
coiled around a mandrel and annealed. When heated over the glass transition temperature they
can contract, expand or exhibit torsional actuation, depending on the fabrication method and end
conditions.
The fabrication and application of CPA is well documented and has made many
innovations in the fields of smart materials, soft robotics and the likes. However, there is a lack
of knowledge in the modeling of CPA, this is partly due to the novelty of the actuator. To
address this problem, a theoretical and experimental investigation of thermo-mechanical
response is proposed. An energy and variational methods and continuum mechanics approach is
utilized with numerical methods to describe the actuation response. To verify the model, the
numerical simulation displacement response is compared to CPA samples that are fabricated and
experimentally tested in lab using a dynamic machine analyzer (DMA). The results indicate the
proposed model accurately predict the actuation response of the CPA under thermal loading. The
numerical simulation and experimental comparison is in good agreement and helps to further
understand the underlining cause of the actuation behavior of the coiled polymer actuator.
Furthermore, the model can be used in application purposes where the results of the model can
be used in designing and optimizing soft robotics using CPA as an artificial muscle.
In addition to the numerical and experimental investigation of the CPA’s
thermomechanical response, an application in biomimetics is being studied. Biomimetics is an
interdisciplinary field in engineering and sciences used to overcoming complex human
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challenges by designing and fabricating materials and systems modeled after nature.
Applications of biomimicry can be seen in many technological advancements such as catheters,
hearing devices, and artificial appendages such as arms, legs and fingers. The inspiration for this
study is the hydrofoil like structured pectoral fin of the Harbor Porpoise whale. Studies will be
focused on understanding the fluid forces acting on the pectoral fin. First and foremost, a highly
accurate pectoral fin is fabricated from CT scans of a Harbor Porpoise whale fin. 3D models are
obtained using Simpleware ScanIP and post-processed in Autodesk for 3D printing components,
which were used to assemble to artificial whale fin. An array of thermally driven Coiled Polymer
Actuators (CPA) fabricated from Nylon and heated with Nichrome are used as artificial muscles
for actuating the pectoral fin. CPA’s were used for their similarity to biological muscles and are
of great interest due to its high specific power and large actuation stroke. A simple control circuit
for supplying power to the Nichrome heating wires is developed using an Arduino and motor
drivers. The displacement over time of the fin is tested and captured using a laser distant sensor.
The fin shows a great displacement response, largely deflecting in both direction relative to its
size. The artificial fin was then be further utilized in our studies.
The fluid forces imposed on the fin while in motion was measured in a laboratorycontrolled setting. A low-velocity belt driven tow tank was used to displace the artificial fin
through water. The tow velocity was varied, and the drag force measurements were taken with
and without fin actuation using a cantilever beam load cell. A theoretical derived drag force was
compared to the experimental drag data and showed good comparison for the non-actuated fin.
Increased drag was exhibited with actuation in both directions when towed through water. This
demonstrates the ability of the fin to manipulate is geometry to change the drag force on itself
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serving as a controllable hydrofoil. We hope to elaborate on this ability and apply it to
mechanical designs such as under and above water vehicles.
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Chapter 1. Introduction
1.1. Hard and Soft Robotics
Traditionally, robotics were fabricated from hard and rigid components. They are
extensively used in manufacturing such as in direct current (dc) motors and hydraulics,
connected by rigid joints, and are used for their large actuation strokes, high force output and
linear motions. They perform simple tasks effectively, however, are limited in adaptability to the
environment, are large, heavy and costly. They have large bulk modulus 109 – 1012 Pa and due
to their lack of compliance, they are unable to produce smooth touch, have high stress
concentrations and contact forces, and cannot manipulate soft materials, leaving hard robotics
incompatible with human interaction [1]. Typically, the user and machine are separated in the
workplace to reduce injuries and fatalities. Soft robotics, on the other hand, specializes in
fabricating robots from compliant materials with a lower bulk modulus 104 Pa to 109 Pa, similar
to living organisms [1]. The level of compliance allows for large deformation, absorbing energy
that arise from collisions. They are conveniently scalable, light weight, can produce high
actuation strain, have good power-weight ratio, and have increased adaptability, sensitivity and
agility. Soft robotics seek to achieve 1.) large mobility, performing bending, twisting, axial and
complex motions, 2.) perform continuous deformation, mimicking biological muscles, and 3.)
adapt to their environment, maneuvering difficult, confined, and even impossible terrain by
traditional robots. They, however, are inhibited by their overall low force output and have nonlinear stress-strains relations, which makes modeling and controlling difficult and therefore hard
to implement.
Currently, soft actuators and artificial muscles are categorized by their means of
actuation. 1.) Electroactive polymers deform in the presence of an electric field. Examples are
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ionic polymer metal composites (IPMC) and dielectric elastomer actuators (DEA). IPMC’s are
composed of an ionic polymer, usually Nafion or Aquivion, plated with a metal conductor like
platinum or gold. An applied voltage induces ion migration causing a bending deformation.
Additionally, if mechanically deformed, an IPMC can also demonstrate an electro-mechanical
response acting like a sensor. DEA’s are fabricated from a polymer film sandwiched between
two electrodes. Applied voltage causes compression in thickness and stretching in the area. 2.)
Fluid driven pneumatic actuators are the simplest class of soft actuators. They are fabricated
from a highly compliant elastomer chamber. A compressed fluid fills the chamber, deforming the
material causing displacement. The response depends on shape of elastomeric shell, typically
bending or rotational deformation. 3.) Heat drive shape memory polymers (SMP) are another
class of soft actuators that can change one or more shapes at specified temperatures. Similarly,
highly oriented polymer fibers are being used as bending and multidirectional actuators. They
exhibit anisotropic thermal expansion where fibers, such as Nylon 6,6, can axially contract up to
2.5% and radially expand up to 4.5% [2]. Heat can be delivered via convective heating,
photothermal excitation and joule heating [3]. Bending actuators can be fabricated by changing
the cross-sectional area of nylon 6,6 filaments from circle to rectangle or square and applying
heat to the sides of the body demonstrating bending in 1D and 2D. More recently, in 2014, Dr.
Carter Haines from the university of Dallas Texas discovered a new compliant super twisted and
coiled polymer actuator, capable of multidirectional and torsional actuation.
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1.2. Background of Coiled Polymer Actuators
1.2.1. Basics of Coiled Polymer Actuators
Coiled polymer actuators (CPA) are fabricated by inducing a twist into the precursor
fiber and annealing. Two modes of actuations can be produced, torsional and axial deformation,
by either tethering one or both ends of the CPA and heating above glass transition temperature.
When heated, a one-end-tethered CPA responds by untwisting at the free end, producing a
torsional motion, and the two-end-tethered CPA responds by contracting or extending in the
axial direction.
CPA’s are inexpensive to manufacture, can producing up to 49 % tensile stroke, power
densities over 27.1 kW kg-1, high specific work of 2.48 kJ kg-1 with very low to no hysteresis
(Table 1) [4], [5]. Heat is typically delivered via convective heating, photo-thermal excitation
and joule heating [2]. However, the limitations for polymer actuators are the heat transfer rates,
the low coefficient of thermal conductivity found in polymers reduces the response time of
actuation during heating and cooling [3], [4], [6]. Often a coolant, such as water or ethanol, is
used to increase the cycling rate [3], [4], [6].

Table 1. Comparison of power mass ratio and work density of various materials [5].
Power Mass Ratio (𝑊/𝑘𝑔)
Work Density (𝐾𝐽/𝑘𝑔)
Mammalian Skeleton
50 - 284
8 - 40
Ionic Polymer-Metal Composite
2.56
5.5
Coiled Polymer Actuator
27.1
2.48
Ferroelectric Polymer
320 - 1000
Dielectric Elastomer (Silicon)
5000
10
Thermal Shape Memory Alloy
1000
1000
Liquid Crystal Elastomers
1
3 - 56
(Thermal)
Conducting Polymer Actuator
150
100
Carbon Nanotube Actuator
10 - 270
2 - 40
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1.2.2. Applications of Coiled Polymer Actuators
Previous research has used coiled polymer actuators as artificial muscles for biomimetic
robots. Yip et al. in 2015 and Wu, L et al in 2017 developed a robotic hand actuated using CPA
[7], [8]. In 2017, Y. Kaneko et al focused on developing wearable devices for assisting in finger
movements [9] and others such Lee Sutton et al, in 2016, developed a wearable wrist orthosis
device for rehabilitation therapy [10]. CPA’s are also used as torsional motors and energy
harvesting systems [11] as implemented by S. H. Kim et al in 2016.

1.2.3. Modeling of Coiled Polymer Actuators
There is also interested the physical modeling of the thermo-mechanical actuation
response of CPA. Several models use an indirect approach to the physical origins of the
thermomechanical response called phenomenological methods. These methods, however, require
tedious identification of experimentally estimated parameters, parameters of which are not linked
to any physical roots. Such models are seen in position control models [7], [12]–[17],
temperature control models [18] and hysteresis models [19]. Sharafi and Li developed a physicsbased model that relates the tensile actuation to two types of molecular chains, helical and
entropic [20]. More recently, Yang et al. proposed a top-down multi-scale physics-based model
relating the material properties from the nano-, micro- and meso-scale to the overall tensile
deformation in the macro-scale [21]. The model proves to accurately predicts the actuation
response of CPA, validated by experimental results, creating a foundation for modeling of CPA.
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1.3. Rationale, Technical Objectives, Proposed Tasks and Significance of Research
Activities
1.3.1. Rationale
The field of soft robotics is continually taking inspiration from biology, attempting to
utilize soft actuators to achieve the complex motions and structures found in the natural world.
Some of the challenges researchers in the field face is fabricating the complex and intricate
geometry of biological systems, as well as developing new soft actuators to use as artificial
muscles. Current biomimetics focus on developing nanotechnology, surface structures, sensors
and robotic systems that loosely compare to their biological inspiration. Great examples are
found in the ample literature on biomimetic swimming robotics which use soft actuators as fin
structures for propulsion. While these systems are inspired by biology, they tend to lack the
fidelity found in nature. Both the fabrication of the biomimetic structure, and the use of artificial
muscle to achieve the desired motion output are complex problems being investigated by
researches from around the world. Our work introduces a new method for fabricating robotic
systems which retain the high fidelity found in nature. We leverage highly accurate CT scans and
3D printing technology to assemble a flexible hydrofoil based on the fin of the harbor porpoise
whale. This fin is actuated using coiled polymer actuators, a rapidly emerging soft actuator, as an
artificial muscle. They exhibit a unique multidirectional functionality, very similar to biological
muscles. The combination of this new design method and the coiled polymer actuators result in a
highly accurate biomimetic fin capable of deforming in response to an external stimulus. The
methods developed give insight to a more general scientific framework under which virtually
any biological or biologically engineered structure may be fabricated and used in other fields of
research and development. This gives scientists and engineers a new avenue for designing and
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building novel biomimetic robotics that can uniquely perform and may even be used to
manufacture highly accurate biological structures to be used in experimental studies and new and
exciting research and development. The robotic whale fin serves as a flexible and controllable
hydrofoil, its geometry is naturally developed by nature, optimized to perform the Harbor
Porpoise habitat, where unique hydrostatic and fluid dynamic properties can by studied and
possibly applied to and improve the performance of underwater vehicles and devices.
Additionally, a multi-physics model is being investigated to understand the parameters that
influence the performance of the coiled polymer actuator. Once identified, the desired stroke,
tensile force or temperature range input can be optimized by modifying the parameters by
material selection or material modification. And finally, the operation of current technologies
such as combustion engines typically generate temperature gradients, where energy is lost to the
ambient environment. CPA would be a promising candidate for capturing the thermal energy for
producing usable work or producing energy for low-energy electronics.

1.3.2. Technical Objectives
Coiled polymer actuators are a newly discovered artificial muscle where improvements in
understanding of the physical origins of the tensile actuation response can be built upon. To
elucidate on this physical phenomenon, a theoretical model is being developed and employed in
a finite element method analysis. First, an analytical model utilizing Energy and Variational
methods and Continuum Mechanics will be developed tying together the thermal and material
properties and thermal input to produce a tensile displacement output. Next, the model will be
applied to the finite element method software COMSOL Multiphysics. The stress, strain and
displacement will be analyzed and evaluated for accuracy, followed by experimental validation.
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The experimental validation will be performed on a CPA, fabricated from Nylon 6, using a
dynamic machine analyzer. The theoretical and experimental results can then be compared to
validate the model.
In addition to the studying of the physical origins of the CPA’s tensile response, an
application in underwater biomimetics is investigated to exhibition CPA’s capabilities as an
artificial muscle, as well as, investigate novel fabrication methods and to study the performance
of the biomimetic robot. To do so, an artificial Harbor Porpoise whale fin is fabricated from CT
scans, utilizing image processing software’s, 3D prints and casting methods. CPA’s are
fabricated, tested and attached to the fin. A tow tank is built in lab used to displace the artificial
fin through water, simultaneously measuring the drag force applied to the fin with and without
actuation.
Finally, the energy harvesting aspect of CPA is briefly discussed, and a preliminary heat
engine design is drafted using SolidWorks.

1.3.3. Significance of Research Activities
The propose research is designed to give a comprehensive study of coiled polymer
actuators and give a novel method of fabricating biomimetic systems. The fabrication,
characterization and implementation process with modeling will provide researchers with
information for solving problems using CPA’s as a soft actuator and the unique fabrication
process for biomimetic systems allow researchers to develop new and more advanced
biomimetic systems.
The fields of biomimetics, biomimicry, soft robotics, actuators and energy harvesting
systems will be expanded with this study of coiled polymer actuators.
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Chapter 2. A Physics-based Model and Finite Element Method thermomechanical model of
the Coiled Polymer Actuator
2.1. Introduction
Coiled polymer actuators are a newly discovered artificial muscle that exhibits reversible
contraction, expansion and rotation set on by thermal loading. Due to its record-breaking energy
density, high tensile stroke, and simplicity there has been a huge influx of research aimed at
experimentally characterizing these twisted and coiled polymer actuators. Various testing
methods have been employed to gain and provide information on the actuator’s tensile strains,
stress, hysteresis, repeatability and so on. Similarly, there has been a considerable interest in
applying the coiled polymer actuator in the fields of artificial muscle and soft robotics fields.
Though highly experimentally investigated, there is little known about the physical roots of the
thermomechanical response of CPA. Several models use phenomenological methods to describe
the tensile actuation and are seen in position control models [7], [12]–[17], temperature control
models [18] and hysteresis models [19]; however, implementation requires parameters to be
experimentally identified, thus not capturing the correlation between the physical performance of
the CPA to the material and thermal properties. More recently, Yang et al. proposed a top-down
multi-scale physics-based model relating the material properties from the nano-, micro- and
meso-scale to the overall tensile deformation in the macro-scale [21]. The model proves to
accurately predicts the actuation response of CPA, validated by experimental results, creating a
foundation for modeling of CPA. In this study, a finite element method (FEM) model of the
thermo-mechanical response of CPA is presented to achieve a robust computationally efficient
model. The presented model is critical for preliminary robotic designs and optimization.
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2.2. Physics-based model
CPA’s is a thermo-mechanical based response dependent on the material and thermal
properties of the polymer and the thermal load applied. An Energy and Variational Methods and
Continuum Mechanics approach is used. This includes applying displacement fields based on the
strain components (𝑣𝑜 , 𝑤0 ) and spatial coordinates, using the strain-displacement and the stressstrain relations to obtain an off-axis stress equation using the off-axis material and thermal
properties. The equilibrium equations are used to solve for the unknown displacements, which
are once again used in the strain-displacement and the stress-strain equations to calculate stress.
The stress is applied the thermal torque and recovery moment equation. And finally, the recovery
moment is used in the energy equation in which the Castigliano theorem is used to obtain the
overall displacement of the CPA. A flowchart of the thermo-mechanical modeling is shown in
Figure 2.1.

Figure 2.1. Flow chart for the thermo-mechanical modeling of the coiled polymer actuator.
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Figure 2.2. Force body diagram of CPA with an applied tensile load 𝐹 and the resulting recovery
moment 𝑀𝑟𝑒𝑐 induce by thermal expansion.

The macroscale (Figure 2.2) energy equation is [21]

𝑀𝑧2
𝑀𝜃2
𝐹𝑧2
𝐹𝜃2
𝑈=∫ (
+
+
+
) 𝑑𝑙
2𝐺̅ 𝐽 2𝐸̅ 𝐼 2𝐸̅ 𝐴 2𝐺̅ 𝐴
0
𝐿𝑐

(1)

4

𝜋𝑑
where 𝐸̅ and 𝐺̅ are the effective moduli of the twisted fiber, 𝐽 = 32 is the polar moment of area,

𝐼=

𝜋𝑑4
64

is the second moment and 𝐴 =

𝜋𝑑2
4

is the cross-sectional area of the fiber. 𝐹𝑧 = 𝐹𝑠𝑖𝑛𝛼𝑐 ,

𝐹𝜃 = 𝐹𝑠𝑖𝑛𝛼𝑐 , 𝑀𝑍 = −𝐹𝑅𝑐𝑜𝑠𝛼𝑐 + 𝑀𝑟𝑒𝑐 and 𝑀𝜃 = 𝐹𝑅𝑠𝑖𝑛𝛼𝑐 are the forces and moments in the
local cylindrical coordinate system caused by the force 𝐹 and the recover moment (𝑀𝑟𝑒𝑐 )
induced by thermal expansion. The simplified energy equation can be written as
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𝑈=

1
1
2
𝑓11 𝐹 2 − 2𝑓12 𝐹𝑀𝑟𝑒𝑐 + 𝑓22 𝑀𝑟𝑒𝑐
2
2

(2)

where 𝑓11 , 𝑓12 , and 𝑓22 are the combined constants. The displacement of the CPA can be found
using Castigliano’s theorem [21]–[24].

𝛿=

𝑑𝑈
𝑑𝐹

(3)

The displacement is also related the kinematic relation [21].

𝛿 = 𝐿𝑐 sinαc − 𝐿𝑐0 𝑠𝑖𝑛𝛼𝑐0

(4)

Using the equation 3 and 4 the pitch angle αc and displacement 𝛿 is then expressed in
̅ 𝐺,
̅ 𝑑 and 𝑀𝑟𝑒𝑐 . The recovery moment (𝑀𝑟𝑒𝑐 ) is the total thermal torque at each
terms of 𝐸,
temperature step, which is formulated in terms of the coupled stress component 𝜎𝑧𝜃 [21]–[24]:
𝑇

𝑀𝑟𝑒𝑐 = ∫ 𝜏𝑑𝑇

(5)

𝑇0

𝑟𝑓

𝜏 = ∫ 𝜎𝑧𝜃 𝜋𝑟 2 𝑑𝑟

(6)

𝑟0

The coupled stress component (𝜎𝑧𝜃 ) is derived in the meso-scale using the straindisplacement and stress-strain relations and the equilibrium equation. The displacement field in
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the local cylindrical coordinates, assuming axisymmetric radial deformation, shearing twist and
axial extension, is

𝒖 = [𝑤0 𝑧𝑧̂ , 𝑣0 𝑟𝑧𝜃̂, w(𝑟)𝑟̂ ]

′

(7)

where 𝑤0 is the extensional strain, 𝑣0 is the shearing strain per radius, and 𝑤(𝑟) is the unknown
radial displacement as a function of 𝑟. The mechanical strain tensor is calculated from the
displacement by the relationship:

1
𝝐 = (∇𝒖′ + 𝛻𝒖)
2

(8)

and the inelastic thermal strain tensor is

̅ ∆𝑇
𝝐𝐭𝐡 = 𝜶

(9)

̅ is the coefficient of thermal expansion. The stress can be calculated using the stresswhere 𝜶
strain relationship.

𝝈 = 𝐶̅ (𝝐 − 𝝐𝒕𝒉 )

It should be noted that the bar over the coefficient of thermal expansion and elastic
matrix indicates an off-axis orientation (Figure 2.3). This is a result of the polymer buckling
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(10)

during the CPA fabrication process, causing the microfibers to rotate. It is assumed that the
rotation in the microfiber angle increases linearly in respects to the radius, where there is no
change in the microfiber angle at the center and the greatest rotation at the fibers surface.
Equation
(11) is the relation between microfiber and radius, where 𝜃𝑓𝑘 denotes the layer whose
radius is k.

𝑘
𝜃𝑓𝑘 = arctan (
𝑡𝑎𝑛(𝜃𝑓 ))
𝑟𝑚𝑎𝑗𝑜𝑟

(11)

Figure 2.3. A.) On axis (z, θ, r) and B.) off axis (1,2, 3) orientation of the coiled polymers
microfibers due to the coiling and buckling of the coiled polymer actuator during the fabrication
process.
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The off-axis coefficient of thermal expansion (𝛼̅ = 𝑇2 𝛼) and elastic matrix (𝐶̅ = 𝑇1′ 𝐶𝑇2 ) are
derived by rotating the local cylindrical coordinates 𝑧, 𝜃, 𝑟 by the angle 𝜃𝑓 to obtain the
coordinate system denoted by 1, 2, 3 using the transformation matrices 𝑇1 and 𝑇2 .

𝑚2
𝑛2
𝑇1 = 0
0
0
[−𝑚𝑛

𝑚2
𝑛2
0
𝑇2 =
0
0
[−2𝑚𝑛

𝑛2
𝑚2
0
0
0
𝑚𝑛

𝑛2
𝑚2
0
0
0
2𝑚𝑛

0 0
0 0
1 0
0 𝑚
0 𝑛
0 0

0
0
1
0
0
0

0
0
0
−𝑛
𝑚
0

0
0
0
𝑚
𝑛
0

0
0
0
−𝑛
𝑚
0

2𝑚𝑛
−2𝑚𝑛
0
0
0
𝑚 2 − 𝑛2 ]

𝑚𝑛
−𝑚𝑛
0
0
0
2
𝑚 − 𝑛2 ]

(12)

(13)

Where 𝑚 = 𝑐𝑜𝑠𝜃𝑓𝑘 and 𝑛 = 𝑠𝑖𝑛𝜃𝑓𝑘 .
For helical anisotropy and for four non-zero stress and strain components, the relation can
be reduced.

̅
𝐶11
𝜎𝑧
𝜎𝜃
𝐶̅
[ 𝜎 ] = 12
̅
𝑟
𝐶13
𝜎𝑧𝜃
[𝐶 ̅
16

̅
𝐶12
̅
𝐶22
̅
𝐶23
̅
𝐶26

̅
𝐶13
̅
𝐶23
̅
𝐶33
̅
𝐶36

̅
𝐶16
𝜖𝑧 − 𝛼𝑧 Δ𝑇
̅
𝐶26 𝜖𝜃 − 𝛼𝜃 Δ𝑇
[
]
̅
𝜖𝑟 − 𝛼𝑟 Δ𝑇
𝐶36
̅ ] 𝜖𝑧𝜃 − 𝛼z𝜃 Δ𝑇
𝐶66

And the equilibrium equation in cylindrical coordinates (Figure 2.4) can be obtained by
summoning the differential stresses in each direction.
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(14)

𝜕𝜎𝑟𝑧 1 𝜕𝜎𝜃𝑧 𝜕𝜎𝑧
𝜎𝑟𝑧
+
+
+
= −𝐹𝑧
𝜕𝑟
𝑟 𝜕𝜃
𝜕𝑧
𝑟

(15)

𝜕𝜎𝑟𝜃 1 𝜕𝜎𝜃 𝜕𝜎𝜃𝑧 2𝜎𝑟𝜃
+
+
+
= −𝐹𝜃
𝜕𝑟
𝑟 𝜕𝜃
𝜕𝑧
𝑟

(16)

𝜕𝜎𝑟 1 𝜕𝜎𝑟𝜃 𝜕𝜎𝑟𝑧
𝜎𝑟 − 𝜎𝜃
+
+
−
= −𝐹𝑟
𝜕𝑟 𝑟 𝜕𝜃
𝜕𝑧
𝑟

(17)

Figure 2.4. Derivation of the stress equilibrium equations in a cylindrical geometry.

By further inspection, the three equilibrium equations can be simplified when considering the
four non-zero stress and strain components and by noting the zero derivative terms.
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𝑑𝜎𝑟 𝜎𝑟 − 𝜎𝜃
+
=0
𝑑𝑟
r

(18)

The unknown radial displacement 𝑢(𝑟) is solved by substituting the stresses into the equilibrium
equation which produces a second order non-homogenous ODE

𝑑2 𝑢(𝑟) 𝑃 𝑑𝑢(𝑟) 𝑄
𝑆
+
+
𝑢(𝑟)
=
𝑅
+
𝑑𝑟 2
𝑟 𝑑𝑟
𝑟2
𝑟

(19)

where 𝑃, 𝑄 𝑅, and 𝑆 are grouped constants used for organizing the equation. Solving the ODE
gives

𝑢(𝑟) = 𝐶1 𝑟 𝐸 + 𝐶2 𝑟 𝐹 + 𝐺𝑟 2 + 𝐻𝑟

(20)

where 𝐸, 𝐹, 𝐺, 𝐻 are grouped constants and 𝐶1 , 𝐶2 are constants of integration. 𝐶1 and 𝐶2 solutions
are solved for by considering that there is no radial stress at the surface and center of the polymer
and, assuming a concentric helical anisotropic laminate, the displacement 𝑢 and radial stress 𝜎𝑟
at each laminate interface are equal.

𝜎𝑟1 (𝑟0 ) = 0
𝜎1 (𝑟 ) = 𝜎𝑟2 (𝑟1 )
{ 𝑟1 1
𝑢 (𝑟1 ) = 𝑢2 (𝑟1 )
𝜎 𝑘−1 (𝑟) = 𝜎𝑟𝑘 (𝑟)
{ 𝑟𝑘−1
𝑢 (𝑟) = 𝑢𝑘 (𝑟)
{ 𝜎𝑟𝑘 (𝑟𝑁 ) = 0
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(21)

The superscript signifies the laminate order from 1 to 𝑘 and 𝑟 is the radius with at the center
being 𝑟0 and the outermost radius being 𝑟𝑁 .
The strain, stress, torque and recovery moment can now be solved by reapplying the
relations and equations with the known displacement fields.

2.1. Finite Element Method model using COMSOL Multiphysics
The geometry (Figure 2.6) used in COMSOL is obtained using an optical microscope
image (Figure 2.5) of a 0.43 mm nylon fabricated into a CPA. The parameters used were the
major radius (𝑟𝑚𝑎𝑗𝑜𝑟 = 0.36 𝑚𝑚), minor radius (𝑟𝑚𝑖𝑛𝑜𝑟 = 0.285 𝑚𝑚), bias angle (𝛼 = 18.69 °)
and microfiber angle (𝜃𝑓 = 35.21°). A local cylindrical coordinate system is required to directly
apply the displacement field, and the thermal and material properties. This is achieved by
transforming the global cartesian coordinates, using the equation of a helix, into local cartesian
coordinates, by deriving the tangent, normal and binormal unit vectors, and then transforming the
local cartesian coordinates into local cylindrical coordinates using a second transformation using
the relationship between cartesian and cylindrical coordiantes.
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Figure 2.5. Optical microscope of a 0.43 mm nylon fabricated into CPA with 250g of tension.
The major and minor radius, bias angle and microfiber angle were measured to be utilized in the
COMSOL Multiphysics simulation.

The parametric equation of a helix as a function of 𝜃 is:

𝑟ℎ (𝜃ℎ ) = < 𝑏𝜃ℎ , 𝑟𝑚𝑎𝑗𝑜𝑟 cos 𝜃ℎ , 𝑟𝑚𝑎𝑗𝑜𝑟 sin 𝜃ℎ >
⃗⃗⃗

(22)

where 𝑏 is the axial pitch of the coil, 𝑟𝑚𝑎𝑗𝑜𝑟 is the major radius and 𝜃ℎ is the angle in which the
⃗⃗⃗⃗1 ) vectors can be derived
helix traces through. The tangent (t⃑1 ), normal (n
⃗⃑1 ) and binormal (b
from the equation of the helix and be used to obtain a transformation matrix (Q1 ) for the local
cartesian coordinates.
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⃑t1
e1
⃗⃗⃗
|t⃑1 |
Q1 = {⃗⃗⃗
e2 } = n
⃗⃗⃗⃗⃑1 − (n
⃗⃑1 · ⃗⃗⃗
𝑒1 )e⃗⃗⃗1
e3
⃗⃗⃗
|n
⃗⃗⃗⃗⃑1 − (n
⃗⃗⃗⃗⃑1 · ⃗⃗⃗
e1 )e⃗⃗⃗1 |
{
}
e1 xe⃗⃗⃗2
⃗⃗⃗

(23)

The local cartesian magnitudes is the dot product of the transformation matrix and the shifted
cartesian coordinates.
𝑥′ =< (𝑥 − 𝑥0 ), (𝑦 − 𝑦0 ), (𝑧 − 𝑧0 ) >· 𝑒2

(24)

𝑦′ = < (𝑥 − 𝑥0 ), (𝑦 − 𝑦0 ), (𝑧 − 𝑧0 ) >· 𝑒3

(25)

𝑧′ = < (𝑥 − 𝑥0 ), (𝑦 − 𝑦0 ), (𝑧 − 𝑧0 ) >· 𝑒1

(26)

The local cartesian coordinates (𝑧 ′ , 𝑥 ′ , 𝑦′) are transformed into local cylindrical coordinates using
̂ does not change.
the parameterize cylinder equation. Note that the direction 𝑧′

⃗⃗⃗⃗
𝑟ℎ ′(𝜃ℎ ′) = < 𝑧′, 𝑟𝑖 𝑐𝑜𝑠𝜃ℎ ′, 𝑟𝑖 𝑠𝑖𝑛𝜃ℎ ′ >

(27)

𝑦′
𝜃ℎ ′ = atan ( )
𝑥′

(28)

Similarly, the tangent, normal and binormal vectors can be derived to obtain the second
transformation matrix (Q2 ) for the local cylindrical coordinates. The transformation matrices are
implemented in COMSOL’s’ Curvilinear Coordinate module (Figure 2.7).
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⃗⃗⃗⃑
t2
e4
⃗⃗⃗
|t⃗⃗⃗⃑2 |
Q2 = {⃗⃗⃗
e5 } = ⃗n⃑2 − (n
⃗⃗⃗⃗⃑2 · ⃗⃗⃗
e4 )e⃗⃗⃗4
e6
⃗⃗⃗
|n
⃗⃗⃗⃗⃑2 − (n
⃗⃗⃗⃗⃑2 · ⃗⃗⃗
e4 )e⃗⃗⃗4 |
{
e4 xe⃗⃗⃗5
⃗⃗⃗
}

(29)

Figure 2.6. Geometry built in COMSOL Multiphysics of a CPA with a major radius of 3.6E-4 m,
minor radius of 2.8E-4 m and an axial pitch of 7.7E-4 m.

20

Figure 2.7. Local cylindrical coordinates generated using the COMSOL Multiphysics
Curvilinear Coordinates module. The red, green and glue basis vectors indicate the axial, angular
and rotation directions.

̅ ) [26]
Off-axis anisotropic elastic matrix (𝐶̅ ) [25], coefficients of thermal expansion (𝜶
and displacement field (𝒖) [21] can be applied in the direction of the local cylindrical curvilinear
coordinates at the known microfiber angles. Thermal contraction was plotted in Figure 2.8 by
applying boundary conditions on the end caps of the coil. The top end cap was constrained to
allow only local radial expansion and the bottom end cap was constrained to allow only global
axial displacement in the Z direction. These both were accomplished with a boundary prescribed
displacement. An overall displacement 𝛿 of 0.0895 mm was observed for one turn as the
temperature of the coil increases from room temperature to 105 °C.
A one coil CPA was investigated due to the limitations of the CPU available. The 3D
geometry increases the complexity of the model, requiring large amounts of memory and long
computation time. Nevertheless, the investigation of a single coil is sufficient since the physics
remains sound and gives a good representation of the thermo-mechanical response of CPA.
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The local thermal and mechanical strain components and stress components are available
as supplemental data in Appendix B: Supplemental Thermo-mechanical COMSOL Model Data.
A temperature auxiliary sweep between 23 °C to 105 °C was investigated, however, the initial
temperature, mid temperature and final temperature are plotted due to the high volume of data.

Figure 2.8. Von mises stress and deformation of the CPA as temperatures increase from 23°C to
105°C.

2.2. Experimental Method
2.2.1. Sample preparation
The CPA were fabricated in house. A fabrication apparatus was designed and constructed
for the mechanical twisting of CPA (Figure 2.9). 1.5-inch 80/20 T slot aluminum frames were
arranged in a rectangular configuration mounted onto a metallic optical breadboard. Due to the
high length ratio of precursor fiber to CPA, a large fabrication apparatus was needed, where the
short ends of the 80/20’s sit at the base and top, and the long ends were on the sides. Additional
80/20’s sits normal to the rectangular configuration for support. The dimensions for the 80/20’s
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was: 2 ft for the support, 4 ft for the sides and 6.5 inches for the base and top. The twisting of the
precursor fiber was achieved by a DC motor, which was mounted at the top end of the
fabrication tower with the motor shaft hanging downward. SolidWorks was utilized to design the
mount for the DC motor, a DC motor to precursor fiber/CPA adapter and a precursor fiber/CPA
to weight adapter that prevent back rotation. All parts were 3D printed from ABS plastic. The
DC motor logic was performed by an Arduino Uno and powered with a DC power supply.

B

A

Figure 2.9. A.) SolidWorks rending and B.) constructed fabrication device used to mechanically
twist polymer fibers into coils. A NEMA23 stepper motor is mounted vertically and attaches to
the polymer fiber at the top. The bottom of the polymer is held taught with a 200 g mass to
prevent snarling and the back rotation is prevented by the green 3D printed bar.

0.43 mm diameter commercially manufactured fishing line (Trilene®) was used as the
precursor fiber. One end was attached to the motor-fiber adapter and the other to the fiber-weight
23

adapter and approximately 200g of weight was added. The weight is necessary when fabricating
CPA for two reasons. One, is that adequate weight keeps the fiber taut, preventing snarling,
allowing for coils to be induced, though, substantial weight can cause the fiber to shear and, two,
for determining the bias angle, the angle between the fiber and the coils cross-section. The fiber
was twisted until the CPA met the predetermined length of 10 mm. This length was chosen to
accommodate the dynamic machine analyzer’s (DMA) test section. A dynamic machine analyzer
is being used to test the actuation response of the CPA, which has a 20 mm testing length. The
ends where held in place, transferred to a conventional oven and heated to 120 ̊C for 30 min. The
CPA was then removed from the oven and set to cool in room temperature conditions.

2.2.2. Thermo-mechanical Actuation Response Characterized using the Dynamic
Mechanical Analyzer (DMA)
The thermo-mechanical response of the coiled polymer actuator was measured using a
Pyris Diamond Dynamic Mechanical Analyzer (Figure 2.10), which is capable of accurate
measurements of the position with a force and thermal loading. A dynamic machine analyzer is a
material characterization technique for measuring material properties such as bulk modulus and
thermal transitions. An oscillatory strain or stress is applied at a prescribed frequency and
temperature range, and the resulting strain or stress that is developed in the material is measured.
The DMA is a very sensitive measurement technique which would yield valuable thermomechanical data from the CPA.
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Figure 2.10. Pyris Diamond dynamic mechanical analyzer used to measure the displacement of
CPA with a temperature ramp from 23 °C to 105 °C. A 10 mm sample of CPA is placed in the
test section, between the two chucks. The heat shield closes over the sample and is subjected to
the prescribed thermal and tensile load.

A 10 mm CPA is placed in the sampling area of the DMA. The two chucks were
positioned 10 mm apart. Both ends are placed in the tension attachment clamps (chuck). The
CPA is adjusted with tweezers to ensure they are aligned vertically. The hex screws were then
tightened to fasten both clamps and the furnace was closed around the sample.
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Figure 2.11. Test section of the dynamic machine analyzer. The CPA is aligned vertically in the
testing section and the ends are placed in the attachment clamps.

The measurement conditions for measuring the thermomechanical response of CPA were
set using the DMA software. The dimensions of the sample were inputted, sample’s effective
diameter was 1.29 mm and a 10 mm length. A temperature ramp was programmed with a start
temperature of 23 ̊C and a limit temperature of 105 ℃ with a heating rate of 3 ℃/minute, where
2-3 ̊C/minute is a commonly accepted heating rate. A force of 1.6 N was applied with an
oscillation frequency of 1 Hz.
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2.3. Results and Discussion
2.3.1. Comparison of the simulation and experimental results.
A numerical simulation using COMSOL Multiphysics was compared to the experimental
results of the thermo-mechanical response of a coiled polymer actuator (Figure 2.12), where it is
apparent that the results are in good agreement. The coiled polymer actuator was subjected to
similar test conditions as was experienced in the experimental test. Equal thermal loads and
tensile loads were applied. One end of the coiled polymer actuator was completely constrained
and the other was free to move axially. Five DMA displacement measurements were taken,
where the mean and standard deviations are plotted and compared to the numerical simulation.
The overall displacement and displacement profiles are similar in magnitude and shape. The
simulation had an overall displacement of 0.0895 mm were as the experimental is about 0.0738
mm and both take on a parabolic profile. Errors that occurred were possibly due to the material
properties of the polymer. The assumption that the elastic matrix 𝐶̅ is constant with temperature
results in error in the simulation. Also, the simulation does not model the contact forces of the
coils, which limit the actuation to the axial pitch. Contact forces would need to be implemented
to capture this phenomenon. Further investigation of the mechanical properties could decrease
error, nevertheless, the results are promising. The goal of the thermo-mechanical simulation was
met, providing a baseline for creating a numerical simulation for modeling the coiled polymer
actuator. The model can be expanded into multiple coils and be implemented in complex systems
to predict the behavior of robotic systems.
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Figure 2.12. Comparison between the simulation and experimental displacement results as the
temperature increases from 23 °C to 105 °C. The average of five displacement measurements
were plotted, black line, with the standard deviation, blue error bars.

2.4. Conclusion
A thermo-mechanical model that describes the actuation response was presented and
employed in a first of a kind FEM study. The model used energy and variational methods and
continuum mechanics theory to mathematically describe the micro- and macro-scale model. The
FEM study was performed using COMSOL Multiphysics. Experimentally determined geometric
CPA parameters and material properties from literature review contributed to the model inputs.
The contraction of CPA was simulated and compared to experimental results. The overall
displacement and displacement profile were very similar in magnitude and shape. The numerical
28

simulation can be used in large and more complex simulations, predicting the outcome of
utilization of the coiled polymer actuator.
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Chapter 3. A biomimetic soft robotic application of Coiled Polymer Actuators
3.1. Introduction
3.1.1. Inspiration
Biological organisms have evolved over billions of years to survive in their environment.
They are highly efficient and display extraordinary abilities regarding their respective habitat.
Their abilities have inspired designs in engineering, thus inspiring the development of a new
field of science, biomimetics. The practice of biomimetics is to analyze various biological and
biological processes, mimicking their structure, motion and overall design for the development
of theories, technologies and products, with the objective of solving scientific challenges, which
would otherwise be unfeasible. Innovations typically arise from one of four categories [27]: i.)
smart materials which are inspired by natures reaction and response to external stimuli such as
chemical [28]–[30] and physical conditions [31], [32], ii.) surface modification for improved and
added functions including repellent [33]–[35], drag reduction [36], anti-fouling [37] and antireflective properties [38], [39], iii.) material architectures that include shapes and structural
arrangements for the purpose of optimizing functionality [40]–[42], and iv.) technologies based
on enhancing existing systems like optical, medicine, agriculture, textiles and coating [43]–[45].
The inspiration for this study is the Harbor Porpoise whale. They are small toothed
odontocete, closely related to dolphins and one of the smallest marine mammals, between 1.45 –
1.6 m and weighing around 50-60 kg [46]. They inhabit the coastal temperate and boreal waters
of the North Pacific, North Atlantic and the Black Sea [46]. The Harbor Porpoise whale displays
high locomotion and maneuverability, reaching speeds of 4.3 m s-1 [47]. Their body possesses a
streamline form and locomotory muscles that control flukes and flippers that allows them to
accelerate rapidly, execute precise maneuvers, displaying swim speeds much faster than is
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predicted based on muscle power and drag under turbulent flow. An important morphological
feature of the Porpoise is the pectoral fin, producing 18% of hydrodynamic drag which can be
employed for a wide range of functions. During surfacing, the fin is placed in a lift-generating
position and during swimming they are positioned against the body to reduce drag for higher
speeds [48]. The pectoral fin is especially important for generating lift, steering and braking,
essentially behaving as a hydrofoil [49]. Due to its importance and multifunctionality the
pectoral fin will be the focus of this study. The immediate objective is to build a controllable
artificial pectoral fin with artificial muscles to mimic the functionality of a real biological Harbor
Porpoise pectoral fin and observe how the shape and structural arrangement effects its fluid
dynamic properties. Then employ the findings to increase the efficiency of underwater devices
and vehicles.

3.1.2. Synopsys Simpleware ScanIP
Some of the challenges researchers in the field face is fabricating the complex and
intricate geometry of biological systems, as well as developing new soft actuators to use as
artificial muscles. Current biomimetics focus on developing nanotechnology, surface structures,
sensors and robotic systems that loosely compare to their biological inspiration. While these
systems are inspired by biology, they tend to lack the fidelity found in nature. Both the
fabrication of the biomimetic structure, and the use of artificial muscle to achieve the desired
motion output are complex problems being investigated by researches from around the world.
Our work introduces a new method for fabricating robotic systems which retain the high fidelity
found in nature. We leverage highly accurate Digital Imaging and Communications in Medicine
(DICOM) images for fabricating a highly accurate flexible hydrofoil based on the fin of the
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Harbor Porpoise whale. DICOM data (Figure 3.1) provides high fidelity 3D models of complex
biological structures obtained through magnetic resonance imaging (MRI) or computed
tomography (CT) scans and used in the medical field for storage and transmitting image data.
Images includes acquisition parameters, image dimensions, color space and pixel intensity. The
transition between DICOM image slices to a usable 3D workspace models occurs in a
commercially available software called Simpleware ScanIP (hereon referred to as Simpleware).

Figure 3.1. Example of a DICOM image of a vertebrae. The light intensity gives information on
the density of the material.

Simpleware is a 3D image processing software to generate 3D models for visualization,
analyzing and quantifying 3D image data and can later be utilized in computer-aided design
(CAD), computational fluid design (CFD), finite element analysis (FEA), and 3D printing. A
general summary of the process involves loading the DICOM image into Simpelware to
rendering the 3D volume data, segmentation and image processing, and highlighting the region
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of interest (ROI) and exporting the stereolithography (STL) file for post-processing (Figure 3.2).
This approach to developing accurate anatomical models have been making ground in the
biomechanics and biomedical field. The automatic model generation approach in combination
with sophisticated FE models offer highly accurate simulations in exploring complex systems.
R.T. Cotton, et. Al. developed a human head model adaptable for finite element method for
simulating traumatic head and brain injuries [50]. Fred-Johan Pettersen et. Al. have used this
method and COMSOL Multiphysics to numerically calculate the bioimpedance of a human thigh
[51]. Chia-Ying Lin et. Al. are investigating the stresses that arise in the interface of prosthesis
and lower vertebral end plates [52]. Saoirse R. Tracy et. Al. have taken advantage of the nondestructive nature of X-ray micro-computed topography to study the interaction of soil
compaction and root system architecture [53]. This process of model generation from volume
scan data is
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Figure 3.2. Workflow of the conversion between DICOM to 3D models. In general, the DICOM
images are imported into Simpleware ScanIP where the 2D slices are converted into 3D volume
data. The data type is separated in the segmentation process. The region of interested is
highlighted and exported.

3.2. Method and Materials
3.2.1. Fabrication of the Harbor Porpoise whale fin
The Simpleware was used to process the Digital Imaging and Communications in
Medicine (DICOM) data of a Harbor Porpoise fin into a 3D CAD model. This data included the
fin as well as the frame used to hold the fin in place (Figure 3.3 (A)). The data was cropped to
remove unnecessary objects and empty space; such as the holding frame, however, not all
material was removable. The process of replacing the greyscale values in the CT scan to tissue is
called segmentation. The pixel intensity, or greyscale value, determines how much hydrogen
there is in the volume pixel (voxel) and is typically used as a marker for the material density. The
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brighter the voxel the denser the tissue, hence differentiating the bone from soft tissue is possible
using the voxel intensity. The threshold feature allows the user to specify a greyscale range that
separates the material and create a mask representing a specific type of tissue. The greyscale
range can be chosen manually, or by using a profile line along a 2D slice of data; the histogram
of the profile can then be used to choose the greyscale range. In this case, a profile line was made
across soft tissue, bone, and empty space (Figure 3.3 (B)). The grayscale bar was adjusted until a
separation between the bone and tissue was made. Two threshold masks were created, Mask1 for
the bone, ranging between -687 to 225 in grayscale values, and Mask2 for the soft tissue, ranging
from grayscale values of -687 and below. The holding frame was integrated in Mask2 due to its
similar greyscale values and the contact between the tissue and frame caused the two objects to
merge (Figure 3.3 (C)). They were separated using a second segmentation tool called un-paint
(Figure 3.3 (D)). Un-Paint removes mask material, pixel by pixel. The un-paint feature was used
on each 2D data slice until the two objects were fully disconnected. A flood-fill operation was
then applied to the fin, which creates one continuous material where the rest is excluded in the
new mask, i.e., the frame was separated and deleted from the soft tissue. A morphological close
and cavity fill was applied to the bone and tissue to fill any holes in the masked data (Figure 3.3
(E)). A subtraction was made on the tissue with the bone, completing the two masks (Figure 3.3
(F)). The cartilage is unable to be extracted from the DICOM images and was created by using a
morphological close on the bone. Morphological close merges fine structures and adds
connectivity between objects. The morphological close was increased until enough connective
tissue was created to resemble a harbor porpoise whale fin cartilage structure. A subtraction was
made with the cartilage and the bones. The three masks were converted into surfaces and
exported for model manipulation and processing (Figure 3.3 (G)).
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Figure 3.3. A.) Imported DICOM file into Simpleware ScanIP. B.) The bone and tissue type
were separated using a histogram profile line C.) and separated in the segmentation process. D.)
The un-paint feature was used to defuse the fin from the background data and a E.)
morphological close and cavity fill were used to obtain a solid and F.) completed fin and bone
mode. G.) The cartilage created using the morphological close on the bone.
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The output from Simpleware is a stereolithography (STL) formatted mesh file. While this
data format is in theory suitable for 3D printing directly, due to the limitations of CT scanning
capabilities the STL files created directly from the biological structures often have imperfections
or small structures that must be fixed prior to printing. Furthermore, with the end goal of
fabricating components for robotic systems, the capability to manipulate the models with
traditional CAD software is very important. Hence, the STL meshes from Simpleware are
processed through both mesh editing programs as well as CAD software prior to fabrication. The
software Autodesk ReCap Pro (formerly Autodesk Remake) was used for the bulk of the STL
manipulation. On some occasions, the software MeshLab was used for global smoothing or
remeshing operations. In these programs, the STL files were decimated to reduce to number of
elements to reduce the computational load required for further manipulation, and to later
facilitate the conversion from a triangular STL mesh into a quadrilateral OBJ mesh. Inverted
mesh elements were removed, along with isolated particles and small structures generated during
the Simpleware processing. With the imperfections removed from the STL files, Autodesk
ReCap Pro was used to convert the mesh from a triangular STL into a quadrilateral OBJ type.
The OBJ file converts with a maximum 20k mesh elements, and as such the initial mesh
decimation should be made so that the STL mesh retains enough elements that this conversion
proceeds smoothly, but not so many as to increase the computational load unnecessarily. The
quadrilateral OBJ mesh is required for the next step, where the mesh is imported into the
Autodesk Fusion 360 software (hereon referred to as Fusion). Fusion supports the conversion
from a quadrilateral mesh into a T-Spline geometry, which can then be converted into a BREP
geometry which is supported by other traditional CAD programs.
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With the models imported and converted in Fusion, a bisecting surface was created along
the mid-surface of the fin, which will facilitate the modeling of the molds and support structures
required for fabrication. This mid-surface was created by intersecting the fin geometry with a
series of planes at intervals along its length. At each plane a 2D cross-section of the fin was
created, and the sections mid-line was approximated with a spline. The series of splines were
then lofted to form the bisecting surface through the fin. This bisecting surface was then used to
split the fin geometry in half. In some cases, this splitting cannot be achieved due to intersections
between the surface and the edges of the geometry, and hence a copy of the bisecting surface was
extended outward and used as the splitting tool. The fin halves were subtracted from two blocks
for molds 1 and 2. The molds were closed bodies and to open the molds a cut was extruded from
the original bisecting surface, not the extended copy of the bisecting surface, in the appropriate
direction to expose the inner mold surface. Three holes were cut into the molds for inserting
Ecoflex™ 00-30 and allowing passage for air pockets to escape. Excess material was cut away
for faster prints (Figure 3.4 (A-B)). Support structure 1 was created by extruding the original
bisecting surface at an arbitrary distance, and a subtraction was made with the bones and
cartilage. This will securely fit into mold 1 and loosely hold the bones and cartilage in its natural
relaxed state (Figure 3.4 (C)). Support structure 2 is extruded from one side of the fin, not the
bisecting surface, to securely hold the cured fin from mold 1 into mold 2 (Figure 3.4 (D)).
Support structure 3, was extruded from the other side of the fin, the usage of this structure will be
later discussed (Figure 3.4 (E)). The molds, support structures and bones were 3D printed from
ABS plastic and the cartilage was printed from Ninja Flex (Figure 3.4 (F-L)).
With the models for printing and molds for casting finalized, the fin component could be
fabricated. The mold and support structure models were 3D printed, and the inner and side
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surfaces sanded for a smooth finish; this results in a better finished product and adds clearance
for fitting the support structures into the molds. The bone structure was then 3D printed in
acrylonitrile butadiene styrene (ABS) polymer, and the cartilage was printed in the thermoplastic
polyurethane (TPU) material NinjaFlex™. A silicon releasing agent was sprayed on the molds
and support structures before applying Ecoflex™. The ulna, carpals, and surrounding cartilage
were fitted into support structure 1. These were then held in place with a clip and adhered to
support structure 1 with Ecoflex™ 00-30, in a 1:1 ratio of solution A and B (Figure 3.5 (A)).
After curing, the metacarpals were then held in place and adhered. Similarly, the phalanges were
adhered, piece by piece. It was important to adhere in stages to prevent shifting errors in the
positioning of each bone. The support structure 1 was then placed inside of mold 1, clamped
together, filled with Ecoflex™ 00-30, and left to cure. Once cured, the fin half was removed
from the mold and the support structure 1 and the excessive Ecoflex™ 00-30 was removed with
a razor. The fin surface was placed on support structure 2, fitted into mold 2, clamped together
and filled with Ecoflex™ 00-30, and left to cure. The fin was removed, and the excessive
Ecoflex™ 00-30 was removed once again with a razor. Removing Ecoflex™ 00-30 caused
imperfections on the surface of the fin. These imperfections were fixed by applying additional
Ecoflex™ 00-30 to the fin surface and clamping the fin between support structures 2 and 3,
curing, and thus completing the artificial fin (Figure 3.5 (B)). The fabrication process caused the
whale fin’s dimensions to deviate from (Figure 3.9 (E)). The fabricated fin increased in the
vertical length to 94 mm and shorten in the horizontal length to 157 mm. Also, the thickness
decreased to about 23 mm. This is most likely due to the prints inaccuracy and how the molds fit
into one another.
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Figure 3.4. Generated renderings in Autodesk Fusion 360 for 3D printing to fabricate the softrobotic Harbor Porpoise whale fin. The renderings consist of molds A.) 1 and B.) 2, C.) support
structure 1, D.) support structure 2, E.) support structure 3 and F-L.) their associated 3D printed
parts.
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Figure 3.5. A.) Method for adhering bone and cartilage to support structure 1 with Ecoflex™ 0030. B.) Fabricated artificial Harbor Porpoise whale fin with dimensions.

3.2.2. Characterization of the pectoral fin
A force-displacement compliance test was performed on the fin. This was used to
determine critical points of contact for the coiled polymer actuators to produce maximum tip
displacement. The fin was constrained and held in position with a clamped at the radius and ulna.
The TIRA vib, a device used in vibration testing of structures, was used to probe the fin with a 2
mm pk-pk, 5 Hz, sinusoidal input (Figure 3.6 (A)). The prescribed input was used to imitate the
actuation of the fin with the coiled polymer actuators. The force of the probe and tip
displacement were measured using a load cell and a laser distance sensor. The load cell was
sandwiched between the TIRA vib and the fin, joined together by a 3D printed adapter. The
force and tip displacement measurements were mapped out into surface plots using a 1 cm by 1
cm grid is drawn on the fin (Figure 3.6 (B)). The RMS values were used to represent the
sinusoidal surface plots.
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Figure 3.6. A.) Characterization equipment. TIRA vib, load cell, laser distance sensor and the
clamped pectoral fin for characterizing the whale fins force and displacement response. B.)
Pectoral fin with a 1 cm by 1 cm grid to track probing location and the position of the laser
distance sensor.

3.2.3. Sample preparation, characterization and application of the Coiled Polymer
Actuators and Nichrome heating wire
Off the shelf nylon fishing line was used to fabricate the coiled polymer actuators. One
end of the nylon fiber is attached to a DC motor, the other end is attached to a 200 g mass and
constrained to prevent back rotation. An Arduino is used to control a DC motor which coils the
fibers until reaching the predetermined lengths set 1: 18.4 cm, set 2: 14.1 cm, set 3: 9.4 cm, and
set 4: 5.3 cm. The lengths were obtained from measuring from the base of the fin to the end of
the carpals and along the phalanges. After coiling, the CPA’s were annealed at 120 °C for 30
minutes in a conventional oven in tension, then allowed to cool to room temperature.
Nichrome heating wire was coiled around a mandrel with a diameter slightly larger than
that of the CPA coil and with approximately the same length. The CPA was threaded into the
center of the Nichrome coil. The Nichrome was connected to the terminals of the power supply
and when powered, heated the CPA.
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The thermo-mechanical response of the coiled polymer actuator was tested using an in
house constructed characterizing apparatus, similar to the fabrication apparatus (Figure 3.7). A
rectangular tower was constructed using 1 in by 1 in 80/20 T slot aluminum frames mounted
onto a metallic optical breadboard. Two 80/20 frames laying at the base normal to the tower for
support. The dimensions for the 80/20’s are: 2 ft for the base support frames, 4 ft for the side
frames and 6 inches for the base and top frames. There were three sensors used on in the
characterization apparatus. A GSO-50-gram load cell by Transducer Techniques ®, a Micro
Optronic ILD 1400-100(00) laser distant sensor and a bare wire 0.003 mm T type thermocouple.
A load cell to CPA adapter, CPA to weight adapter, and mounts for the load cell and the laser
distant sensor were designed in SolidWorks and 3D printed from ABS plastic. The load cell was
mounted at the top of the characterization apparatus facing downward with the load cell button
centered with the midpoint of the 80/20. The load cell to CPA adapter was fitted onto the load
cell button. The laser distant sensor was mounted onto the right inner lateral frame of the
characterization apparatus and since the CPA’s can greatly range in length and actuation, the
laser distance sensor position must be adjustable along the path of the lateral frames. The laser
distant sensor was mounted on a linear guide, SSEB Series by MISUMI ®. The laser distant
sensor mount was designed to run the laser parallel and centered with the 80/20 frame, to
measure the CPA to weight adapter displacement, considering the adapter has the same
displacement as the CPA. The thermocouple required no mounting but was passively held in
position by inserting between the coils of the CPA. Data from the load cell, laser distant sensor
and thermocouple were acquired using a National Instruments NI-6210 DAQ and organized in
text format using the engineer software LabVIEW.
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A

B

Figure 3.7. A.) SolidWorks rendering and B.) constructed characterization apparatus for testing
the coiled polymer actuators displacement and tensile force at varying temperatures. A mass is
used to increase the coil separation for increased tensile displacement.

The CPA’s and Nichrome heating coils were sewn into the sides of the fin, points of
contact were made at the base of the fin, carpals, and at the phalanges. The points of contact at
the base were reinforced with Ecoflex™ 00-30 injected into the holes created by the sewing
needle and allowed to cure. The CPA’s were then put in tension with 200 g weights and the ends
were reinforced with Ecoflex™ 00-30 while still in tension. After curing, all points of contact
were also reinforced with Ecoflex™ 00-30.

3.2.4. Controls and displacement of robot prototype
The Nichrome coils were soldered in series to achieve uniform heating, driven by a DC
power supply and the power and frequency were controlled with an Arduino Nano and a dual
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motor driver (Figure 3.8 (A)). The fin was clamped at its base with a laser distance sensor
measuring the pectoral fins tip location (Figure 3.8 (B)). A constant input of 30.38 W was
supplied to the Nichrome heating wires, on each side, consecutively, such that 1/f1 = 10 s, 1/f2 =
15 s, 1/f3 = 20 s for 4 periods. Pins D2, D4, D7 and D8 controlled direction, however, the
direction is not important, rather, the amount of power and the frequency supplied to the
Nichrome heating wires is important, therefore pins D2 and D7 were held high and pins D4 and
8 were held low for an arbitrary clockwise direction. A PWM output with a full duty cycle was
used to achieve the constant power. For example, pin D3 was held high for 1/(4f1), set to low
while simultaneously changing D5 to high for 1/(2f1), then set to low while D3 was set to high
for 1/(4f1) to complete one cycle.

A

B

Figure 3.8. A.) Circuit diagram for controlling the power supplied to the heating elements of the
robotic whale fin. B.) Tip displacement test for actuating the (1) artificial whale fin measured
with a (2) laser distant sensor.

3.3. Results
A soft-robotic whale fin is fabricated from CT scans of a Harbor Porpoise fin using a
series of software to obtain 3D printable materials (Figure 3.9 (A-D)). The fin was scaled down
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for printability, where the dimensions are shown in (Figure 3.9 (E)). The fin is composed of
bone, printed from ABS plastic for its stiffness, and cartilage, printed from NinjaFlex™ for its
flexibility, encased in an elastomeric body made of Ecoflex™. The considerations for the
elastomeric body were Ecoflex™ 00-10, Ecoflex™ 00-20 and Ecoflex™ 00-30. The body
needed to be stiff enough to attach and hold the actuators in tension without buckling, but
flexible enough for deflection. Ecoflex™ 00-30 was chosen due to its higher stiffness and shore
hardness than Ecoflex™ 00-10 and Ecoflex™ 00-20. A force-displacement response was
performed on the fin for efficient placement of the actuators. The fin was clamped at the base
and a 2mm pk-pk, 5 Hz, sinusoidal displacement was probed against the fins surface using a
TIRA vib while the probing force and tip displacement were simultaneously measured using a
load cell and a laser distance sensor. The force and displacement were mapped using a 1 cm by 1
cm grid and the RMS values were displayed as surface plots (Figure 3.9 (F-G)). The largest
required force to achieve the prescribed displacement is near the base where the fin was clamped
and held firmly to the ulna and radius and progressively decreases away from the clamp
approaching nearly zero when in contact with Ecoflex™ 00-30. The greatest tip displacement
results from oscillating the fin at the carpals or center of the fin, where the fin is most flexible,
however, produces enough moment to cause deflection at the tip. Therefore, it would be
advantageous to attach the actuators at the carpals where it would pull and displace the fin the
greatest and at the base where the actuators can be held rigidly.
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Figure 3.9. A-D.) The fabricated soft and hard bio-inspired Harbor Porpoise whale pectoral fin
from 3D printed parts and Ecoflex™ 00-30, with the provided E.) dimensions. Surface plot of
the F.) force and G.) displacement RMS values measured using a load cell attached to a TIRA
vib and a laser distance sensor for measuring displacement.
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The artificial muscles are composed of an array of CPA lined along the surface of the
pectoral fin. Eight coiled polymer actuators are fabricated using 0.43 mm diameter nylon
(Trilene®). The CPA’s used on both sides of the fin were of similar lengths: set 1, 18.4 cm; set
2, 14.1 cm; set 3, 9.4 cm; and set 4, 5.3 cm, measured from the base of the fin to the end of the
phalanges. A small diameter used is necessary to prevent the fin from buckling under the CPA’s
tension. A force and displacement were characterized using a load cell and a magnetic linear
encoder. The CPA’s were heating from room temperature to ~120 °C (Figure 3.10). The
temperature profiles differ due to the varying nichrome wires resistance and the power input. The
displacements of each set are comparable. The maximum displacement of sides 1 and 2,
respectively, for set 1 are 20.7 mm and 19.3 mm, for side 2 are 14.1 mm and 19.7 mm, for side 3
are 9.2 mm and 9.6 mm and for set 4 are 4.6 mm and 2.78 mm. Similarly, the forces of side 1
and 2, respectively, for set 1 are 2.6 N and 2.8 N, for set 2 are 2.6 N and 2.9 N, for set 3 are 2.6
N and 2.3 N and for set 4 are 2.5 N and 2.6 N. The displacement and actuation force spikes are
caused by the static friction in the testing apparatus that the lower end of the CPA’s is attached
to.
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Figure 3.10. Characterization of the CPA’s where the temperature of the actuator is increased
using a Nichrome heating wire while the force and displacement are recorded using a load cell
and magnetic linear encoder. A.), C.), E.), G.) is sown into side 1 and B.), D.), F.), H.) into side 2

49

From the characterization data of the fin, the CPA’s were attached accordingly (Figure
3.11 (A-B)). The displacement of the fin was measured in air at three frequencies, 1/f1 = 10 s,
1/f2 = 15 s, 1/f3 = 20 s for 4 periods, the power was then removed, and the fin cooled to room
temperature. Two displacement tests were conducted where the fin initially actuated towards side
1 first and the second where the fin actuated towards side 2 first. The displacement amplitudes
differ considering the asymmetric geometry of the fin. Also, in attempt to oscillate the fin around
the neutral axis, the power was applied for (1/f)/4 on the first side, (1/f)/2 on the second side, and
(1/f)/4 on the first side again and so on. In displacement test 1 (Figure 3.11 (C)), f1 saw the
lowest initial displacement and f3 saw the highest initial displacement, f2 being in the middle.
This is the result of the CPA not reaching a significant temperature during f1 causing a low
displacement. Lower frequencies allow for longer heating times producing higher temperatures
and greater displacements. Furthermore, f1 reaches a larger displacement at the third peak due to
the slow cooling rate of the nylon, which when heated again will start above room temperature
and thus heating to a greater temperature. f3 does not experience this increasing displacement
because during its initial actuation the temperature nears its plateau temperature, or the highest
temperature the Nichrome can achieve with the provided power. Additionally, the slow cooling
rate of the Nylon causes a decrease in the displacement of the fin over time. While heating side
1, side two is at room temperature and the fin displaces towards side 1, next, when heating side
2, side 1 decreases in temperature, however, does not reach room temperature, as side 2
increases. In this cycle, side 1’s temperature is still elevated due to its slow cooling rate via low
coefficient of thermal conductivity, and a contracting force remains and competes with the
contracting force of side 2. This competing contraction force remains throughout the
displacement of the fin. Also, the natural curvature of the fin produces a favorable moment arm
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on side 1 causing a displacement drift. Moreover, in displacement test 1, side 1 is heated first,
while there is no competing force on side 2, causing an initial drift. After the power was removed
the fin continued to displace due to side 1 being heated last, therefore, having a higher pulling
force than side 2. In displacement test 2 (Figure 3.11 (D)), similar trends occur, however, at the
end of each actuation, the fin displaces towards side 1, even though side 2 was heated last,
confirming that the curvature of the fin tends to cause the fin to displace towards side 1.

Figure 3.11. Bio-inspired whale fin clamped at the base 1 cm high with the CPA sets 1 through 4
sown into A.) side 1 and B.) 2. An Arduino nano, two motor drivers and a power supply
generated alternating square waves to the Nichrome heating wires to achieve the frequencies 1/f1
= 10 s, 1/f2 = 15 s, and 1/f3 = 20 s, initially actuated towards C.) side 1 and D.) 2.
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3.3.1. Discussion
This study uses CPA’s as an artificial muscle for actuating a in lab fabricated bio-inspired
Harbor Porpoise whale fin. The CPA’s were attached on the surface of the fin and heated to
cause a deflection in the fin. The tip was measured using a laser displacement sensor. It was
found that the tip deflection can be controlled by varying the step input frequency. Lower
frequencies cause greater deflection, with the plateau temperature being its limitation.
Furthermore, if larger tip deflection is desired, it can be achieved by increasing the number of
CPA’s lined on the fin. The draw back with this is the power supplied to the CPA’s will need to
be increased. Sizing motor drivers and Arduino to the power supply will need to be considered.
Also, due to the curvature of the fin, the fin tends to drift towards side 1. Increased power to side
2, or a long heat time can remove this drift to an extent. There are some challenges when
performing tests in air, most notably, the slow cooling time of the CPA. The CPA’s experience a
decrease in displacement with prolonged actuation times. A cooling liquid (i.e. water) is
recommended to cool the CPA back to room temperature to reduce the decrease displacement.
This, however, will not be an issue for future studies which will be performed in water, water
serving as the heat sink for the CPA. The goal of future studies are fluid-structure interactions
such as drag, lift, transition phases and boundary layer control. The plan is to conducted tests in a
flow channel by dragging the pectoral fin through still water or by moving water across the fins
surface. Measurements of the thrust and drag of the actuating fin at varying frequencies will help
understand and potentially controlling laminar-to-turbulent transitions. Applications are focused
on the delaying and controlling of transition periods of underwater and above water vehicles at
varying velocities, as seen in Harbor Porpoise whale locomotion. By controlling transition
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periods, drag reduction can be achieved which is an important for reducing fuel consumption on
marine ships and therefore saving money and reducing pollutants.

3.4. Conclusion
A Harbor Porpoise bio-inspired pectoral fin was 3D modeled utilizing CT scans in
conjunction with Simpleware ScanIP, Autodesk Remake and Fusion 360. The fin was fabricated
by casting the 3D printed cartilage and bones in Ecoflex™ 00-30. A force-tip displacement
response was applied to the fin for effective CPA placement. A 2mm, 5 Hz, sinusoidal input
probed multiple points on the fin while the force and tip displacement were measured
simultaneously. It was observed that the largest tip displacement occurred when probing the
carpals, deeming them an important contacting point between the fin and the CPA. Four sets of
CPAs’ were fabricated, tested and sewn into the sides of the fin with a Nichrome heating wire.
Alternating square waves were generated using a power supply and controlled with an Arduino
Nano and a dual motor driver to heat the Nichrome. The fin was clamped at its base and a
displacement sensor tracked the location of the fins tip as the CPA’s on each side were heated,
consecutively. It was found that the tip deflection can be controlled by varying the square wave
frequency. Lower frequencies cause greater deflection, with the plateau temperature being its
limitation. The greatest tip deflection was about 14 mm pk-pk. The displacement decreases
thereafter due to the slow cooling time of the CPA. Greater displacement can be achieved by
increasing the number of CPA, though the buckling of fin must be considered. Too many CPA
will cause deformations in the fin and possibly collapse the fin. Future work will consist of flow
channel studies. Including mounting a force sensor and the fin into a flow channel and observing
lift and drag forces as the fin actuates, as well as, the laminar to turbulent transition periods.
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Chapter 4. Tow-tank study investigating the drag force acting on an artificial soft-robotic
Harbor Porpoise whale fin.
4.1. Introduction
The understanding of the swimming behavior of aquatic vertebrae is very limited. Often
there are reports on swim, dive and surfacing speeds, descent and ascent angle, distances
traveled, and, as well as, observations on the positions and movements of flukes and fins while
performing such motions. These studies are typically performed on live specimens and,
therefore, some characteristics of the study is immeasurable.
We propose an experimental investigation of the hydrostatic fluid force on an in lab
fabricated artificial soft-robotic Harbor Porpoise whale fin. The purpose of this study is to focus
on one of the essential means of maneuvering done by aquatic vertebrae and explore the forces
that are exerted on the pectoral fin as it moves through different swim modes such as horizontal
swimming, surfacing and deaccelerating.
The Harbor Porpoise whale is of interest due to its ability to swim at higher speeds than
what is predictable based on muscle power and drag under turbulent flow. Underwater
locomotion requires a streamline body form and like dolphins, the Harbor Porpoise whale
possess a spindle like shape, allowing them to accelerate quickly and execute precise, complex
maneuvers[48].
The fin functions as a hydrofoil, producing approximated 18% of the hydrodynamic drag
and by changing its angle and position, the fin helps facilitate the maneuvers done by a Harbor
Porpoise whale such as controlling pitch, roll and yaw [49]. Furthermore, while surfacing, the fin
is positioned in lift-generating orientations, and when maneuvering they are positioned against
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the body to reduce drag [49]. The significant impacts of the fin on the Harbor Porpoise’s
locomotion further excites interest in the investigation of the pectoral fin.
Previously, we fabricated a highly biologically accurate artificial Harbor Porpoise whale
fin based on CT scans. Simpleware ScanIP was used to process DICOM images of the fin and
generated STL’s of the tissue, bone and cartilage. Autodesk Remake and Autodesk Fusion 360
post-processed the STL’s to build the components necessary to fabricate the Harbor Porpoise
whale fin. The bones were 3D printed from ABS plastic and the cartilage from NinjaFlex™.
They were assembled and casted into an elastomeric body made of Ecoflex™ 00-30. An array of
CPA’s, heated with Nichrome wire, was lined on the surface of the fin for actuation [54].
The investigation of the Harbor Porpoise whale fin requires laboratory-controlled
conditions. This is achieved by using an open channel flume. An open channel flume is simply a
course which holds water with an open surface. The geometry of the flume can be altered to fit
the experiments needs. Flow conditions can be met by either i.) generating flow via propeller,
pump or other methods [55]–[58] or ii.) by a tow tank test, where the specimen is towed through
still water, simulating flow. Historically, and in our proposed experiment, tow tanks have been
selected due to their simplicity, cutting the requirement for wave generating components. Drag
test are a well-known and common experiment performed in tow tanks, E. Aljallis et al studied
drag reduction on flat plates with surface treatment. A tow tank with a mounted force sensor was
used to measure the drag force on the flat plates with and without surface treatment. The tow test
produced practical results and it was found that the surface air layer was the drag altering factor
[59]. Similarly, M. Robinson Swift et al used a tow tank and a mounted load cell to test the
changes in drag due to biofouling on net panels. Significant increase in drag due to biofouling
was observed [60]. Generally, tow tanks are a practical tool for measuring drag forces.
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4.2. Methods and Materials
4.2.1. Soft-robotic Harbor Porpoise whale fin and coiled polymer actuator
Previously, an artificial soft-robotic Harbor Porpoise whale pectoral fin was fabricated
using 3D prints and casting methods (Figure 4.1). CT scans of the fin and a series of software
(Simpleware Scan IP, Autodesk Remake, and Autodesk Fusion 360) was used to generate STL’s
of the fins tissue, bones and cartilage. The geometry was scaled down for printability and shows
great similitude for flow channel/tow tank experiments. The bones were printed from ABS
plastic, cartilage from NinjaFlex™ and casted in an elastomeric body made from Ecoflex™ 0030. Artificial muscles were used to actuate the fin in a natural motion similar to that of a
biological Harbor Porpoise whale. An array of heat driven coiled polymer actuators were lined
on the surface of the fin, four on each side. The CPA were fabricated using the methods
described in chapter 2.2.1 Sample Preparation. Lengths varied from ~5.3 cm to ~18.4 cm.
Nichrome wire was coiled around a mandrel, with a diameter larger than that of the fabricated
CPA. The CPA was threaded through the center of the Nichrome. Power supplied to the
Nichrome wire using power supply and was controlled using an Arduino Nano.
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Figure 4.1. In lab fabricated soft-robotic Harbor Porpoise whale fin with coiled polymer
actuators employed as artificial muscles.

For the purpose of tow-tank studies, it was desired to increase the fins displacement and
force output. An additional 2 sets of CPAs were fabricated, characterized and sown into the sides
of the fin with length of ~120 mm and ~100 mm and a fiber diameter of 0.43 mm. Additional
Nichrome wire was coiled around a mandrel and the CPA was threaded through the center. All
the Nichrome wires were adjusted and placed in series with one another for uniform heating
when powered. The total resistance for side one was 176 Ω and side two was 170 Ω. Prior to
attaching the CPA to the fin, each CPA were characterized. The displacement vs temperature,
actuation force vs temperature and displacement vs payload were tested on all four CPA in
accordance to the characterization method detailed in Chapter 3.2.3 (Figure 4.2 - Figure 4.5).
The displacement vs payload is used to determine how much tension the CPA must be in when
attaching to the fin to reach maximum displacement and it was found that all CPA have the
greatest performance with ~250 g of tension. The ~120 mm CPA was placed between the first
and second CPA and the ~100 mm CPA was placed between the second and third CPA.
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Additionally, a thin film of Ecoflex™ 00-10 was used to insulate the Nichrome heating wires
and CPA to prevent quick heat dissipation and shorting of exposed wires.

Figure 4.2. Thermo-mechanical response of the ~120 mm CPA attached to side 1. A.)
displacement vs temperature, B.) displacement vs. payload, and C.) force vs temperature.
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Figure 4.3. Thermo-mechanical response of the ~120 mm CPA attached to side 2. A.)
displacement vs temperature, B.) displacement vs. payload, and C.) force vs temperature.
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Figure 4.4 Thermo-mechanical response of the ~100 mm CPA attached to side 1. A.)
displacement vs temperature, B.) displacement vs. payload, and C.) force vs temperature.
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Figure 4.5. Thermo-mechanical response of the ~100 mm CPA attached to side 2. A.)
displacement vs temperature, B.) displacement vs. payload, and C.) force vs temperature.
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Figure 4.6. Soft-Robotic Harbor Porpoise whale fin with added CPA and a thermal and electrical
insulated covering fabricated from Ecoflex™ 00-10.

4.2.2. Tow tank experiment for drag measurement
The drag force measurements of the robotic Harbor Porpoise whale fin were carried out
in a tow tank setup. The dimensions of the water tank are 1.83 m by 0.38 m by 0.52 m. A
horizontal low-velocity towing was used to pull the soft robotic Harbor Porpoise whale fin
through the water. The towing system was installed above the water tank using 1-in x 1-in cross
sectional area 80/20 T slotted aluminum frames. The drag force was measured using a low-range
constant moment beam load cell (LC601-5) with a range of 5 lbs. or 22.24 N. The load cell was
calibrated to measure only drag force. The load cell, soft robotic fin and the affiliated
components were fixed vertically under the towing systems carriage. Mounts for the components
were designed in SolidWorks and 3D printed. The wire connections from the fin and the beam
load cell were attached to a DB9 connector to wiring terminal to prevent wires from breaking
while in motion. The load cell voltage was amplified and recorded using the LabJack U6-PRO
The tank was filled with polishing water, water that is highly filtered to remove small
contaminants and ions similar to that of DI water to prevent the passing of voltage through water.
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This prevents any exposed wires from shorting in water. The robot was submerged completely
underwater, located mid-depth in the tank, with sufficient spacing to move without being
affected by the free surface, boundaries on both sides, and bottom of the tank.
A prescribed displacement, velocity and acceleration profile was applied using the StepServo Quick Tuner Software. The displacement spans the length of the tank, and the acceleration
and velocity are varied. The midpoint of the towing system is taken as the test section, where a
constant velocity can be attained, and, therefore, the experimenter must take into consideration
the duration of acceleration and deacceleration.

Figure 4.7. Tow tank set-up for measuring the drag force on a the soft-robotic Harbor Porpoise
whale fin. The linear rail transverses the fin through water while simultaneously the load cell
measures the forces acting on the fin. All components are mounted onto the carriage.

4.3. Analysis of drag data
The drag force of the soft-robotic Harbor Porpoise whale fin was measured at speeds
varying from 0.2 m/s to 0.5 m/s. Measurements were taken when a constant velocity is achieved,
static state, and with varying actuation conditions. The experimental drag force was directly
measured by the load cell. The drag force, 𝐹𝑑 , can also be expressed as
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𝐹𝑑 =

1
𝜌 𝐴 𝐶 𝑣2
2 𝑤 𝑐 𝑑

(30)

where 𝜌𝑤 is the water density, 𝐴𝑐 is the projected area of the fin perpendicular to its velocity, 𝐶𝑑
is the coefficient of drag, and 𝑣 is the towing velocity of the fin. The projected area, 𝐴𝑐 , is
estimated from the 3D model of the robot in Autodesk Fusion 360. 𝐶𝑑 is a function of the fin
shape and the Reynolds number.

4.4. Results and Discussion
The drag force of the soft-robotic whale fin was measured with varying speeds from 0.2
m/s to 0.5 m/s. Three drag tests were measured, test 1, where the CPA’s were not activate, “No
Actuation,” tests 2, actuation towards side 1, “Actuation 1,” and tests 3, actuation towards side 2,
”Actuation 2.” The tow velocity 𝑣 and measured drag force 𝐹𝑑 were used to identify the drag
coefficient 𝐶𝑑 using equation 29 using test 1 data. The water density 𝜌𝑤 was assumed to be 1000
𝑘𝑔/𝑚3 and the projected area 𝐴𝑐 was 0.0022 𝑚2 . The experimental and theoretical results were
plotted in (Figure 4.8). Only the theoretical drag force with no actuation was calculated due to
the change cross-section area when the fin is actuated. The results of the no actuation compared
to the theoretical appear to match well. With no actuation, the fin acts like a streamline body,
experiencing low drag. The Harbor Porpoise whale can achieve high locomotion when the fin is
placed in this position.
Besides high locomotion, the Harbor Porpoise whale fin also displays high
maneuverability. This is due to the manipulation of the fins projected area 𝐴𝑐 changing the drag
on the fin, which is used for steering. When the shape of the fin changes, such as curving the fin,
the shape deviates from the streamline shape, increasing the drag. The drag measurements of the
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soft-robotic fin were taken with actuation towards sides 1 and 2. The deformation of the fin
caused an increased in the fins area 𝐴𝑐 and thus increasing the drag force. There is a significant
increase in drag in actuation 1 where at 0.5 m/s the force is 0.32 N as compared to 0.09 N with
no actuation. In the case of actuation towards side 2, there is a significant increase in drag force
from 0.200 m/s to 0.325 m/s where at 0.325 m/s the drag force was 0.23 N. At 0.350 m/s the drag
force is greater than the pulling force of the CPA forcing the fin back into its streamline body
shape reducing its drag force. Furthermore, from 0.350 m/s to 0.5 m/s the drag measurements
approach the measurements from test 1, no actuation. This does not occur in test 2 due to the
fin’s geometry. The force required to actuate the fin towards side 1 is less than the force required
to actuate towards side 2. Higher velocities would need to be achieved to experience the same
effect.

65

Figure 4.8. Experimental and theoretical drag force vs. velocity of the Harbor Porpoise whale fin
in water with and without actuation.

4.5. Conclusion
We conducted an experimental investigation of the drag force acting on a bio-inspired
soft-robotic Harbor Porpoise whale pectoral fin. The robot was fabricated from CT scans
resulting in a highly accurate representation of the fin. The prototype was scaled down for
printability and sizing for the flow channel, however, the fin showed great similitude for flow
channel/tow tank experiments Heat driven coiled polymer actuators were used as an artificial
muscle for deflecting the fin in a natural fashion similar to a biological fin. An open surface tow
tank with a low-velocity horizontal towing system was used to displace the fin through water.
The drag force was directly measured using a cantilever beam load cell. The experimental was
conducted at varying velocities from 0.200 m/s to 0.500 m/s with and without actuation. The
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drag force increased with actuation on both sides due a change in the projected area, 𝐴𝑐 .The
maximum drag force on the fin with no actuation was 0.09 N. The maximum drag from in test 2
and 3 were 0.32 N and 0.23 N, which was achieve at 0.5 m/s and 0.325 m/s, respectively. At
higher speeds, the drag force overcame the tensile force of the coiled polymer actuators, causing
the fin to regain its original streamline body shape. Nevertheless, the robotic fin displayed the
abilities to manipulate drag on itself, which can be useful in many applications in above and
under water vehicles and devices. An improvement to the experimental setup would be to add an
underwater camera to track the projected area changes, which can be incorporated into the
calculations of drag force. Future studies would also include integrating a more complex
arrangement of the coiled polymer actuators. Applying the actuators at the base, curving towards
the tail end would increase the fins displacement and increasing the overall project area 𝐴𝑐 . Also,
fabricating a body where the coiled polymer actuators can be extended past the base of the fin
would significantly increase the fin displacement and actuation force, creating a more practical
robotic fin.
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Chapter 5. Conclusion
In this work, we theoretically investigated the physical phenomena that results in the
actuation response of the coiled polymer actuator. A thermo-mechanical model was developed
that predicts the displacement, strain and stresses that are induced due to thermal expansion with
thermal loading. The model takes into consideration the tensile body load, initial geometry and
material and thermal properties. COMSOL Multiphysics, a finite element method software, was
used for simulation purposes and for easy to implement study extensions. The model showed
good comparison with experimental data, which was measured using a dynamic machine
analyzer, indicating that the FEM model can accurately predict the actuation response of CPA.
Moreover, the model can be used in future designs such as prototyping to develop better products
and for optimization problems.
A soft-robotic Harbor Porpoise Pectoral Fin driven by coiled polymer actuators was
developed to demonstrate CPA as a compliant artificial muscle. Furthermore, we are interested
in studying the hydrostatic forces acting on the fin in water for improving the efficiency of
locomotion and maneuverability in above water and underwater devices. The robotic fin was
designed from CT scans, and fabricated from 3D prints and casting methods. The artificial
muscles were fabricated from nylon 6 with Nichrome heating wire as the heating element. To
study the fluid forces, an open surface tow-tank with a low-velocity horizonal tow system was
manufactured capable of displacing the fin in water while simultaneously measuring drag force.
The drag force increased with deflecting the fin in both directions as compared to no actuation.
This is due to the change in the area 𝐴𝑐 , producing larger drag. These results showed that the
soft-robotic fin is capable of high locomotion and producing high maneuverability by increasing
the drag force on the fin with actuation.
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Finally, an energy harvesting system using coiled polymer actuators was conceptualized
and designed, see Appendix A: Energy Harvesting Application of Coiled Polymer Actuators.
The proposed energy harvesting system will utilize heat waste such as industrial heat, solar
radiation or oceanic thermal gradients to produce usable mechanical work. Components were
designed in SolidWorks which includes the roller chain, sprockets, bearings, unidirectional
shafts, housing, 1-inch 80/20 T slot aluminum frames, optical breadboard and a water tank. The
water tank will mimic the heat source providing the energy required to cause the CPA in the
roller to contract and therefore rotate the shafts.
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Chapter 6. Future Work
Our studies thus far are focused on the axial contraction of the CPA; however, CPA are
also capable of torsion and axial extension, which was briefly mentioned in the
thermomechanical modeling. We would like to extend our thermo-mechanical model to the axial
extension of CPA. Axial extension is achieved by coiling the precursor fiber around a mandrel,
causing the microfibers to rotate in the opposite direction as axially contracting CPA, basically,
changing the microfiber angle. This would be implemented in COMSOL Multiphysics.
Similarly, the geometric parameters would be obtained by a fabricated coiled polymer actuator
and measured with an optical microscope (major and minor radius, axial pitch and microfiber
angle), in the same fashion as previously stated in chapter 2.1. The parameters can then be used
in the COMSOL to achieve the thermo-mechanical model. The model will be validated with the
experimental thermo-mechanical response using the Pyris Diamond Dynamic Mechanical
Analyzer.
A material selection for the Harbor Porpoise whale fin and artificial muscles should be
investigated to optimize prototype. Material selection of the soft tissue would have the greatest
effect on fin deformation. A material with a lower modulus such as Ecoflex™ 00-10 or
Ecoflex™ 00-20 would be useful for achieving higher deformation. The coiled polymer actuators
would require less pulling force to deform the fin. The bone and cartilage serve as an anchoring
point for the coiled polymer actuator, preventing buckling when applying the CPA in tension.
The current materials do not need to change. The coiled polymer actuators precursor fiber
material and diameter size should be investigated to increase tensile displacement, increase the
tensile force to withstand larger drag forces and to increasing the cooling rate of the CPA.
Nichrome heating wire was useful in achieving a quick heating response and easy to use in a
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rapid prototype, however, the coiled geometry of the heating wire constrained the tensile force of
the CPA and produced high temperature concentrations. Alternative heating methods should be
considered. Fabricating a flexible heating pad or silver plating of the coiled polymer actuator
would produce a more reliable heating source.
The tow-tank experiment yielded promising results, yet, there can be improvements to the
testing apparatus. The calculations for the theoretical drag force assume a constant crosssectional area 𝐴𝑐 . However, the area while in motion and with actuation changes. Implementing
a camera in the tow-tank to track the changes in area would yield better experimental to
theoretical comparison by reducing errors caused by simplification. Additionally, the motor for
the horizontal tow system caused increased noise in the drag force measurements due to a large
electrical noise from the stepper motor power source, vibrations in the stepper motor, large and
large velocity errors. The drive belt caused vibrations in the fin possibly due to the PID
controller. The PID controller was calibrated, however, at velocities lower than 0.3 m/s the errors
were significant. Initiating the power source caused an amplification of the inherent noise of the
load cell. The power source would need to be electrically isolated possibly with insulation or a
faraday cage. These difficulties can be avoided by using a commercially designed open surface
flow channel with continuously moving uniform fluid flow in contrast to the tow-tank used. This
would remove the vibration from the motor belt and reduce the amplification of noise in the load
cell due to the power source. And furthermore, a particle image velocimetry to measure fluid
flow variables and drag would all noise due to electrical interference.
The energy harvesting system was in the early stages of design. The CPA driven energy
harvester was designed in SolidWorks, however, did not reach the fabrication or testing phase. If
time was permitted, the device would have been fabricated from 3D printed and commercially
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purchased parts. Material selection and dimensions of the coiled polymer actuator would need to
be considered for the heat engines rotation strength and speed. The rotational speed would be
dictated by the radius of the polymer, the smaller the radius, the higher the cooling rate of the
CPA, allowing for a faster response. The strength would depend on the material properties such
as the elastic modulus. The CPA’s displacement and force as a function of temperature would be
tested before attaching to the heat engine. The heat source would be from hot water or
convective heating. Hot water would provide uniform and consistent heating; however,
polymer’s material properties typically change with water absorption and water would only
allow for temperatures up to 100°C. Convective heating would allow for temperatures higher
than 100°C, increasing the CPA’s tensile contraction. After fabrication of the device, the
performance of the heat engine would be characterized. A no-load rotational speed to reservoir
temperature, torque to rotational speed, power output to rotational speed and power to reservoir
temperature will be experimentally investigated. The temperature of the heat reservoir will be
measured with a thermocouple, the rotational speed with a tachometer and torque with a prony
dynamometer. The results should be compared to similar heat engines to determine its pros and
cons.
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Appendix A: Energy Harvesting Application of Coiled Polymer Actuators
Introduction
Industrial waste heat, geothermal heat, oceanic thermal gradients and solar radiation are
significant sources of energy that are not widely utilized. New fields of science strive to convert
low-grade energy sources into electrical and mechanical work. Although these energy sources
are abundant, low temperature gradients makes exploiting these sources difficult. Though tough
to implement, energy harvesting systems would be beneficial for small device applications such
as wearable electronics and wireless sensors.
The field of energy harvesters currently comprises of electromagnetic energy generators,
shape memory alloys, piezoelectric, ferroelectric, triboelectric, lithium battery-based bending,
ionic polymer-metal composites, and dielectrics. And now, a recent discovery in artificial
muscles utilizes the thermally driven highly twisted and coiled polymer fibers to generate
energy. Previous advances in the coiled polymer actuator has been made in soft robotics where
artificial hands, fingers and arms have been fabricated. More recently, coiled polymer actuators
have been utilized in energy harvesting systems. Researches used temperature fluctuations to
generate large torsional and tensile actuation which was converted to electrical energy via
electric generator. 70000 rpm of torsion were generated in the coiled polymer actuator for over
300000 heating and cooling cycles and achieved 124 W/kg of electric energy and using tensile
actuation 1.4 J/cycle of electrical energy was produced [11], [61], [62].
Our energy harvesting design uses the novel coiled polymer actuator to produce
mechanical work. Thermal energy induces large tensile actuation of the coiled polymer actuator,
which turns gears generating work that can be used for a wide range of applications, effectively
acting as a heat engine. Unlike conventional heat engines that uses gasoline or fuel, our design
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does not require high combustion temperatures. The advantage of this design is that it is
inexpensive, easy to fabricate and capable of continuously converting heat energy into usable
work. The goal of this study is to design a CPA driven energy harvesting device. Components
are designed and assembled in SolidWorks. 3D prints and commercially available products are
used in the design process.

Design
The heat engine is designed to transmit power from the coiled polymer actuator to the
rotating gears. The assembly consists of the roller chain, sprockets, bearings, shaft, housings, 1 –
inch 80/20 T slot aluminum frames, optical breadboard and a water tank. The assembly was
drafted in SolidWorks. Fasteners, 80/20 T slot aluminum frames, sprockets, ball bearings, optical
breadboard and the water tank were purchased from a commercial manufacturer. All other
components were 3D printed.
Two identical steel sprockets were used in this design to obtain rotational motion driven
by the roller chain (Figure A.1). The sprockets have a 3/4" pitch and an overall width of 3.25”.
The two sprockets were placed 3” apart, measured from the center point. The distance was a
multiple of the sprocket pitch to attain equal distance rollers. A 3D printed shaft runs through the
inner diameter of the sprocket, positioned at the midpoint of the shaft. At the ends of the shaft are
two friction reducing ball bearings (Figure A.2). The bearings function to reduce friction
between the shaft and the housing and increasing the overall efficiency of the heat engine. The
bearings were housed in a 3D printed mount. The shaft, bearings and housing were fastened
using precision fitting. Additionally, one directional rotation was desired. Therefore, we adopted
a ratchet wheel and driving pawl design. The ratchet wheel was designed on one end of the shaft
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and engages with the driving pawl designed on the bearing housing. The ratchet wheels were
designed with a ramp feature on one side of the tooth and a steep drop off. As the shaft and
ratchet wheel rotates clockwise, the pawl drags along the ramp of the ratchet wheel and when
reaching the pitch of the tooth, the pawl slides into the next tooth of the ratchet wheel. However,
if the shaft rotates counterclockwise, the ratchet wheel tooth and the pawl collide preventing
further rotation. There is a degree of back rotation, the amount is dependent on the pitch of the
ratchet wheel teeth, a smaller pitch would reduce any unwarranted backward rotation.

Figure A.1. Drawing of the sprocket used in the energy harvesting design.
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Figure A.2. Drawing of the bearing used in the energy harvesting design

The roller chain (Figure A.4) was designed to engage with the sprockets. The rollers
(Figure A.3) are a spool shape with an overall length of 0.70 in, with an inside barrel diameter of
0.28 in, an outside barrel diameter of 0.43 in and a flange diameter of 0.75 in. The flange is used
to sandwich the CPA between a washer and itself. The rollers are set apart from each other with
a linear distance of 1.5" equal to twice the sprocket pitch. The CPA acts as the chain. Bolts (1/4”
– 20, 1 ¼” long), hex nuts (1/4” - 20), and washers (0.281” ID, 0.625” OD) attach the roller to
the coiled polymer actuator. The CPA was placed between the washer and roller and fastened
tightly with the bolt and nut.
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Figure A.3. Drawing of the roller used in the energy harvesting design.
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Figure A.4. Rendering of the roller chain assembly designed in SolidWorks.

The heat engine (Figure A.5) was supported using 1 - inch 80/20 T slot aluminum
frames, configured to hold the sprockets and roller chains midway in a water tank. The 80/20 T
slot aluminum frames were fastened onto a 2 ft by 6 in optical bread board.
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Figure A.5. SolidWorks rendering of the energy harvesting apparatus using coiled polymer
actuators
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Appendix B: Supplemental Thermo-mechanical COMSOL Model Data
The thermo-mechanical model used a 3D geometry in which the thermal and mechanical
strains, stress and von mises stress results are 3D plots at each temperature increment from 25°C
to 105°C. Figure B.1 to Figure B.15 are the simulation results at the first, middle and last
temperature steps in both the front and side views.

Figure B.1. Front and side view of Von Mises stress at 293.15 K, 338.15 K, and 383.15 K.
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Figure B.2. Front and side view of the local mechanical strain 11 component at 293.15 K, 338.15
K, and 383.15 K.

Figure B.3. Front and side view of the local mechanical strain 12 component at 293.15 K, 338.15
K, and 383.15 K.
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Figure B.4. Front and side view of the local mechanical strain 13 component at 293.15 K, 338.15
K, and 383.15 K.

Figure B.5. Front and side view of the local mechanical strain 22 component at 293.15 K, 338.15
K, and 383.15 K.
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Figure B.6. Front and side view of the local mechanical strain 23 component at 293.15 K, 338.15
K, and 383.15 K.

Figure B.7. Front and side view of the local mechanical strain 33 component at 293.15 K, 338.15
K, and 383.15 K
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Figure B.8. Front and side view of the local thermal strain 11 component at 293.15 K, 338.15 K,
and 383.15 K

Figure B.9. Front and side view of the local thermal strain 12 component at 293.15 K, 338.15 K,
and 383.15 K
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Figure B.10. Front and side view of the local thermal strain 22 component at 293.15 K, 338.15
K, and 383.15 K

Figure B.11. Front and side view of the local thermal strain 33 component at 293.15 K, 338.15
K, and 383.15 K
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Figure B.12. Front and side view of the local stress 11 component at 293.15 K, 338.15 K, and
383.15 K

Figure B.13. Front and side view of the local stress 12 component at 293.15 K, 338.15 K, and
383.15 K
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Figure B.14. Front and side view of the local stress 22 component at 293.15 K, 338.15 K, and
383.15 K

Figure B.15. Front and side view of the local stress 33 component at 293.15 K, 338.15 K, and
383.15 K
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Appendix C: LabVIEW Set Up for the Characterization of the Coiled Polymer Actuator
LabVIEW is the data acquisition tool used to collect the measurements of the thermomechanical response of the coiled polymer actuator. A T-type thermocouple measured the
temperature, load cell measured the tensile force and a laser distant sensor measured the
displacement. The sensors were calibrated in LabVIEW. The measurements were collected and
organized using LabVIEW. The LabVIEW configuration is displayed in Figure C.1A. Live
results are view in the front panel (Figure C.1B).
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Figure C.1. LabVIEW set up for data acquisition: A.) Block diagram; B.) Front panel.

90

Appendix D: Arduino Control Code for the Motor used in the Fabrication Set Up
byte directionPin = 9;
byte stepPin = 8;
int numberOfSteps = 1600*10;
byte ledPin = 13;
int pulseWidthMicros = 1.5; // microseconds
int millisbetweenSteps = 100; // milliseconds - or try 1000 for slower steps

void setup() {

Serial.begin(9600);
Serial.println("Starting StepperTest");
digitalWrite(ledPin, LOW);

delay(2000);

pinMode(directionPin, OUTPUT);
pinMode(stepPin, OUTPUT);

digitalWrite(directionPin, HIGH);
delayMicroseconds(2);
for(int n = 0; n < numberOfSteps; n++) {
digitalWrite(stepPin, HIGH);
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digitalWrite(stepPin, LOW);
delayMicroseconds(millisbetweenSteps);
}
}
void loop() {
}
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Appendix E: Arduino Control Code for the Nichrome Heating Wire
boolean LEDstate = LOW;
int nextTime = 7500/2;// Modify to change heating rate
long int goTime;

void setup() {
pinMode(2,OUTPUT); //PinMode: configures specified pin to be input or output
pinMode(3,OUTPUT);
pinMode(4,OUTPUT);
pinMode(5,OUTPUT);
pinMode(7,OUTPUT);
pinMode(8,OUTPUT);

Serial.begin(9600); //Serial.begin: Sets the data rate in bits per second(baud) for seial data
transmission
goTime = millis(); //millis() returns times since program began
}

void loop(){
if(millis() >= goTime) functionGo();
}

void functionGo(){
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if(LEDstate == HIGH) {
digitalWrite(2,HIGH); //Direction
digitalWrite(4,LOW); //Direction
analogWrite(3,255); //PWM signal

digitalWrite(7,HIGH); //Direction
digitalWrite(8,LOW); //Direction
analogWrite(5,0); //PWM signal

delay(nextTime);

LEDstate = LOW;
}

else {
digitalWrite(2,HIGH); //Direction
digitalWrite(4,LOW); //Direction
analogWrite(3,0); //PWM signal

digitalWrite(7,HIGH); //Direction
digitalWrite(8,LOW); //Direction
analogWrite(5,255); //PWM signal
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delay(nextTime);
LEDstate = HIGH;
}
goTime = millis() + nextTime;
}
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Appendix F: Development of highly accurate solid 3D models from digital imaging and
communication in medicine (DICOM) using Simpleware ScanIP
Introduction
The ability to produce an acoustic signal to gain insight of its surroundings by the echoes
it receives is called echolocation. Mammals like bats, porpoise and dolphins developed this
capability. It was observed in dolphins that they were able to avoid fine meshed nets and discern
and discriminate between different objects. They possessed a higher field of vision than what
was predicted based on water visibility and object distance. It was later discovered that they
possess bio-sonar. High frequency clicks were generated by the dolphin that propagates through
the water, bouncing off objects, that return to the dolphin as echoes. The echoes are processed by
the bullae and brain giving information of the objects distance, size, shape and other 3D
information. The discovery of the dolphin’s ability of echolocation has increased interest in the
field, though, scientists do not know the exact mechanisms that allow dolphins to echolocate[63].
The interest in this study is to build a baseline for fabricating an anatomically correct dolphin
head where echolocation studies can be conducted. The model can be used in numerical methods
to map out the propagation of sound throughout the head and hearing structures and it can be
used to fabricate an anatomically correct model in which an experimental investigation of the
wave propagation through the head can be studied. The purpose of this study is to build a
baseline for fabricating an anatomically correct dolphin head where auditory tests can be
conducted.
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Methods and Material
The solid model of the dolphin head and internal structures were generated using
Simpelware ScanIP from CT scans of the dolphin (Figure F.1). Tissue type were categorized by
pixel intensity. The pixel intensity, or greyscale value, determines how much hydrogen there is
in the volume pixel (voxel) and is a good marker for the material density. High intensity pixels
indicated high density material such as bones and lower intensity material would indicate organs
and fatty tissue. The pixel intensity range for bone, organs and fatty tissue were identified and
segmented using the threshold feature. Overlapping pixel intensities were common in the
identification of organs and fatty tissue. In this case, pixels were removed manually during
segmentation. The varying bones and tissues were rendered and categorized by color (Figure
F.2). The auditory bullae were isolated for further studies (Figure F.3). The 3D models can then
be exported for finite element method modeling, post-processing or 3D printing.
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Figure F.1. CT scan slice of a dolphin’s head and body
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Figure F.2. Simpleware ScanIP 3D model of a dolphin’s head and the region of interest, the
auditory bullae.

Figure F.3. Simpleware ScanIP generated 3D rendering of the auditory bullae and surrounding
fatty tissue and air sacs.
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Figure F.4. 3D renderings of the dolphin’s head and internal structures using Fusion Autodesk
360.

Results and Discussion
The Simpleware ScanIP renderings were post-process in Autodesk Fusion 360 (Figure
F.4). Initial fabrication consists of 3D prints of the bones (Figure F.5). They were scaled down
for printability and positioned in place using a 3D printed fixture. The results appear to be very
accurate to the model. We determined the bones would not be problematic to print, however, the
internal organs would require more attention. A more complex geometry, the auditory bullae and
air sacs, were printed using a dual extrusion printer (Figure F.6). The auditory bullae and air
sacs were printed from PLA and the supports from dissolvable resin. The dissolvable resin was
necessary due to the internal structure of the print. A print in which the supports would not be
physically removable, however, is removable by submerging into water. The results show that
the complex organs are printable with the use of a dual extrusion printer. The material is not
accurate to the auditory bullae. Investigation into a liquid deposition modeling printer is
necessary to obtain the compliance that soft tissue possess.
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Figure F.5. 3D printed bones of the dolphin’s head.

Figure F.6. 3D printed auditory bullae and air sacks using a dual extrusion 3D printer. The bullae
and air sacks were printed from PLA and the supports from dissolvable resin. The dissolvable
resin was required due to the complexity of the 3D print.
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Conclusion
Echolocation is an important field of research which can expand the horizon in vision and
detection technology. Growing interest in echolocation has caused an increase in research
activity in the field. We introduced a new method for investigating echolocation which consisted
of fabricating an anatomically accurate dolphin head. Results from our study have determined
that the very complex structures of the head are capable of being modeled with the use of
Simpleware ScanIP and CT scans. Additionally, additive manufacturing is used to fabricate the
bones and auditory bullae. Future studies will be focused on material selection for printing the
auditory organs and fatty tissues of the head.
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Appendix G: Supplemental Tow-tank Velocity and Force Data
A linear rail system purchased from Macron Dynamics, INC® and the DC motor, used as
the driving mechanism, was purchased from Applied Motion Products®. They were used in
tandem to transverse the soft robotic Harbor Porpoise whale fin through water while. The motor
used is an all-in-one step and drive motor with a closed loop dynamic control system. In our
tests, we utilized the motor to obtain steady state velocities with low error. Velocity errors were
minimized by calibrating the PID controller at each velocity profiles. Relatively high
accelerations were used to achieve the targeted velocities in the shortest amount of time due to
the size limitations of the water tank. Rotational speed from the motor was converted into
translational speed. Specifications from the linear rail determined that one revolution is
equivalent to 0.150 mm. A low-range constant moment beam load cell (LC601-5) with a range
of 5 lbs. or 22.24 N and an accuracy of 0.03% was used to measure drag force. Voltage from the
load cell was amplified using a LJTick-InAmp with a gain of 201 and was acquired using the
LabJack U6-PRO with a sampling rate of 100 Hz. Velocities from 0.200 m/s to 0.500 m/s were
measured. Velocities lower than 0.200 m/s produced low forces, immeasurable using the current
set up and velocities higher than 0.500 m/s did not allow for enough steady state velocity data
due to the water tank length constraint. Figure G.1 to Figure G.78 are the velocity profiles and
drag force measurements. A 4 Hz low pass fast Fourier transform was used to filter the force
data. Regions with the least amount of error, based on the velocity error data, was used in the
data analysis.
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Figure G.1. No actuation; targeted speed of 0.200 m/s.

Figure G.2. No actuation, drag force measurement at 0.200 m/s.
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Figure G.3. No actuation; targeted speed of 0.225 m/s.

Figure G.4. No actuation, drag force measurement at 0.225 m/s.
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Figure G.5. No actuation, targeted speed of 0.250 m/s.

Figure G.6. No actuation, drag force measurement at 0.250 m/s.
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Figure G.7. No actuation, targeted speed of 0.275 m/s.

Figure G.8. No actuation, drag force measurement at 0.275 m/s.
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Figure G.9. No actuation, targeted speed of 0.300 m/s.

Figure G.10. No actuation, drag force measurement at 0.300 m/s.
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Figure G. 11. No actuation, targeted speed of 0.325 m/s.

Figure G.12. No actuation, drag force measurement at 0.325 m/s.
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Figure G.13. No actuation, targeted speed of 0.350 m/s.

Figure G.14. No actuation, drag force measurement at 0.350 m/s.
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Figure G.15. No actuation, targeted speed of 0.375 m/s.

Figure G.16. No actuation, drag force measurement at 0.375 m/s.
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Figure G.17. No actuation, targeted speed of 0.400 m/s.

Figure G.18. No actuation, drag force measurement at 0.400 m/s.
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Figure G.19. No actuation, targeted speed of 0.425 m/s.

Figure G.20. No actuation, drag force measurement at 0.425 m/s.
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Figure G.21. No actuation, targeted speed of 0.450 m/s.

Figure G.22. No actuation, drag force measurement at 0.450 m/s.
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Figure G.23. No actuation, targeted speed of 0.475 m/s.

Figure G.24. No actuation, drag force measurement at 0.475 m/s.
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Figure G.25. No actuation, targeted speed of 0.500 m/s.

Figure G.26. No actuation, drag force measurement at 0.500 m/s.
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Figure G.27. Actuation 1, targeted speed of 0.200 m/s.

Figure G.28. Actuation 1, drag force measurement at 0.200 m/s.
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Figure G.29. Actuation 1, targeted speed of 0.225 m/s.

Figure G.30. Actuation 1, drag force measurement at 0.225 m/s.
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Figure G.31. Actuation 1, targeted speed of 0.250 m/s.

Figure G.32. Actuation 1, drag force measurement at 0.250 m/s.
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Figure G.33. Actuation 1, targeted speed of 0.275 m/s.

Figure G.34. Actuation 1, drag force measurement at 0.275 m/s.
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Figure G.35. Actuation 1, targeted speed of 0.300 m/s.

Figure G.36. Actuation 1, drag force measurement at 0.300 m/s.
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Figure G.37. Actuation 1, targeted speed of 0.325 m/s.

Figure G.38. Actuation 1, drag force measurement at 0.325 m/s.
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Figure G.39. Actuation 1, targeted speed of 0.350 m/s.

Figure G.40. Actuation 1, drag force measurement at 0.350 m/s.
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Figure G.41. Actuation 1, targeted speed of 0.375 m/s.

Figure G.42. Actuation 1, drag force measurement at 0.375 m/s.
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Figure G.43. Actuation 1, targeted speed of 0.400 m/s.

Figure G.44. Actuation 1, drag force measurement at 0.400 m/s.
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Figure G.45. Actuation 1, targeted speed of 0.425 m/s.

Figure G.46. Actuation 1, drag force measurement at 0.425 m/s.
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Figure G.47. Actuation 1, targeted speed of 0.450 m/s.

Figure G.48. Actuation 1, drag force measurement at 0.450 m/s.
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Figure G.49. Actuation 1, targeted speed of 0.475 m/s.

Figure G.50. Actuation 1, drag force measurement at 0.475 m/s.
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Figure G.51. Actuation 1, targeted speed of 0.500 m/s.

Figure G.52. Actuation 1, drag force measurement at 0.500 m/s.
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Figure G.53. Actuation 2, targeted speed of 0.200 m/s.

Figure G.54. Actuation 2, drag force measurement at 0.200 m/s.
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Figure G.55. Actuation 2, targeted speed of 0.225 m/s.

Figure G.56. Actuation 2, drag force measurement at 0.225 m/s.
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Figure G.57. Actuation 2, targeted speed of 0.250 m/s.

Figure G.58. Actuation 2, drag force measurement at 0.250 m/s.
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Figure G.59. Actuation 2, targeted speed of 0.275 m/s.

Figure G.60. Actuation 2, drag force measurement at 0.275 m/s.
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Figure G.61. Actuation 2, targeted speed of 0.300 m/s.

Figure G.62. Actuation 2, drag force measurement at 0.300 m/s.
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Figure G.63. Actuation 2, targeted speed of 0.325 m/s.

Figure G.64. Actuation 2, drag force measurement at 0.325 m/s.
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Figure G.65. Actuation 2, targeted speed of 0.350 m/s.

Figure G.66. Actuation 2, drag force measurement at 0.350 m/s.
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Figure G.67. Actuation 2, targeted speed of 0.375 m/s.

Figure G.68. Actuation 2, drag force measurement at 0.375 m/s.
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Figure G.69. Actuation 2, targeted speed of 0.400 m/s.

Figure G.70. Actuation 2, drag force measurement at 0.400 m/s.
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Figure G.71. Actuation 2, targeted speed of 0.425 m/s.

Figure G.72. Actuation 2, drag force measurement at 0.425 m/s.

139

Figure G.73. Actuation 2, targeted speed of 0.450 m/s.

Figure G.74. Actuation 2, drag force measurement at 0.450 m/s.
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Figure G.75. Actuation 2, targeted speed of 0.475 m/s.

Figure G.76. Actuation 2, drag force measurement at 0.475 m/s.
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Figure G.77. Actuation 2, targeted speed of 0.500 m/s.

Figure G.78. Actuation 2, drag force measurement at 0.500 m/s.
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Appendix H: Comparison of Coiled Polymer Actuators to Shape Memory Alloys
Shape memory alloys are a class of materials that can memorize and retain their previous
shape when subjected to a stimulus such as temperature gradients or magnetic changes. They
produce high power (1000 𝑊/𝑘𝑔) and work (0.1282 𝑘𝐽/𝑘𝑔 − 1.282 𝑘𝐽/𝑘𝑔) densities creating
a demand in consumer products, industrial applications, the automotive and aerospace fields and
the like [5], [64]. The draw backs of SMA are that they produce low strains (5 %), experience
significant hysteresis, and experience degradation in the cycle life at larger strains (5%), where
only a few hundred cycles are achieved. In comparison, the coiled polymer actuator is a new and
promising actuator, comparable or even exceeds in performance of shape memory alloys (Table
2). They exhibit large strains (49 %) when heated above glass transition temperatures.
Additionally, they are easy and low cost to manufacture, fast to train, compliant and adaptable to
many applications such as in soft robotics.

Table 2. Comparison of coiled polymer actuators and shape memory alloys [5], [64].
Actuator Type
Coiled polymer Actuator
Shape Memory Alloy

Strain
(%)
49
5-8

Stress
(𝑀𝑃𝑎)
19
200

Power Density
(𝑊/𝑘𝑔)
27.1
1000

Work Density
(𝑘𝐽/𝑘𝑔)
2.48
0.1282 – 1.282

Previously, a soft-robotic Harbor Porpoise whale fin was fabricated in Chapter 3 and the
performance of the fin was experimentally investigated in Chapter 4 through drag force
measurements at varying speeds with and without actuation. It was concluded that the drag force
of the pectoral fin was increased as a result of increasing the wetted surface area 𝐴𝑐 by actuating
and deforming the fin. The coiled polymer actuator was selected as the means of deforming the
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fin due to its large tensile stroke, straining up to 49% [4]. This strain is ideal for producing large
deformations in the fin, as needed in the drag force test, all while retaining its compliancy. Shape
memory alloys, alternatively, exhibits low strain, and if employed as the means of actuation,
would be incapable of producing significant change in the wetted surface area 𝐴𝑐 of the artificial
Harbor Porpoise whale fin and, therefore, producing little change in drag force. Additionally, the
utilization of SMA would greatly increase the rigidity of the soft-robotic whale fin, defeating the
purpose of soft-robotics. However, an experimental comparison between the two actuators would
be suggest for future work. I believe the stress produced by the SMA as seen in Table 2 would
permit the fin to travel at higher speeds during actuation without the drag force overcoming the
actuation force, as compared to the CPA driven Harbor Porpoise whale fin. In our work, only
low speeds were studied due to the limitations of the water tank, again, making the CPA ideal for
these experiments.
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Appendix I: Hysteresis of coiled polymer actuator
Coiled polymer actuators are a new kind of smart material most notable for their large
strain, and power and work densities. Researchers has employed them widely in robotic arms and
limbs and now, more recently, there is a growing interest in the thermo-mechanical modeling of
these actuators. Moreover, researchers are developing control systems to predict and control the
actuation performance. However, this proved to be challenging due to the complex hysteresis
behavior experienced in the heating and cooling of CPA. Figure I.1 and Figure I.2 are
examples of the hysteric effects of CPA, where the cooling cycle does not follow the path of the
heating cycle. There are many factors that are hypothesized to contribute to CPA’s hysteresis.
Relationships such as loading force and strain, strain and temperature, and loading force and
temperature. Here we are not trying to explore new or current hysteresis models, however, just
report the existence of hysteresis in CPA.
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Figure I.1. Displacement using characterization set up discussed in Chapter 3.2.3 of coiled
polymer actuators fabricated from 0.43 mm nylon fiber heated from 23 °C to ~105 °C. The
hysteresis is show in this graph. The average of ten displacement measurements were plotted,
black line, with the standard deviation, blue error bars.
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Figure I.2. Displacement using a dynamic machine analyzer of coiled polymer actuator
fabricated from 0.43 mm nylon fiber heated from 23 °C to ~105 °C. The hysteresis is show in
this graph. The average of five displacement measurements were plotted, black line, with the
standard deviation, blue error bars.
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